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ABSTRACT 
 
Civil engineering practice has shown that vegetative roots on slopes and 
streambanks can substantially increase shear strength of soil and reduce erosion.  
Research has been done to understand and quantify the effect.  Most studies have been 
conducted on slopes and streambanks with woody vegetation.  Past research has used a 
perpendicular root model to predict increase in cohesion, or shear strength, due to the 
mobilization of roots’ tensile strength.  Acoustics can be used to monitor internal changes 
of soil by interacting with soil particles and interstitial fluids.  Compressional wave, or p-
wave, velocity can be used to predict changes in effective stress and bulk density which 
can be related to geotechnical parameters such as cohesion and porosity.  A literature 
review has concluded that an acoustic based apparatus capable of predicting increased 
cohesion due to grass root growth would be beneficial to geotechnical engineers and soil 
scientists.  The goals of this study include:  measuring changes in the acoustic response of 
soil reinforced with grass roots, modeling and measuring the effect of grass root 
reinforcement on the soil cohesion, and relate soil cohesion to p-wave velocity in soil 
reinforced with grass roots.  For a laboratory experiment, two types of Bermuda grass 
(Cynodon dactylon) and Bahia grass (Paspalum notatum) were planted with a bare soil 
quadrant for control.  Acoustic measurements during a year of grass root growth showed 
a 90% increase in p-wave velocity.  A comparison of the modeled acoustic response 
using independently measured root density and cohesion (from direct shear tests) to in-
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situ measured p-wave velocity was explored.  Two models were presented to explain the 
increase in p-wave velocity:  increase in cohesion with no settlement and increase in 
cohesion including settlement.  For the case with no settlement, the required root 
cohesion to explain the velocity increase was from 500 to 40,000 kPa.  With the inclusion 
of settlement the range of required root cohesion was from 50 to 25,000 kPa.   
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CHAPTER I:  INTRODUCTION  
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1.1 OVERVIEW 
In the last 50 years, designs of critical watershed infrastructure have evolved to 
accommodate the steady increase in demand for fresh water and other natural 
resources.  Dams have assisted in providing an economic supply of fresh water, flood 
management, and soil conservation (Richardson, 2001).  Overtopping erosion accounts 
for 34 % of all earthen dam failures.  Grass roots have commonly been used to 
strengthen slopes and spillways, decrease the erodibility of embankment surfaces and 
streambanks.  New technologies for monitoring the performance of existing dams must 
be developed to secure the availability of water resources.   
Most traditional methods for characterizing soil erosion involve invasive methods 
and laboratory tests.  Flume tests have been used to study overtopping on grass-covered 
soils by running water on the soil surfaces (Powledge et al., 1989).  In 1990, a jet erosion 
test (JET) was developed to characterize erosion resistance on spillways (Hanson and 
Cook, 2004).  The erodibility of the soil is characterized by the critical shear stress and 
the erodibilty coefficient.  The critical shear stress is the minimum stress that must be 
applied to a soil for erosion to take place.  The erodibility coefficient describes the rate of 
erosion due to hydraulic stresses in excess of the critical stress.  Increasing the shear 
strength of soil can help decrease erodibility. 
 The presence of grass roots has been known to increase the cohesion (𝑐) which is 
an indicator of the shear strength of soil (De Baets et al., 2008).  Wu et al. (1979) 
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developed a simple perpendicular root model to predict increased cohesion in soils due to 
the presence of roots.  Grass root reinforcement adds tensile strength of the roots to the 
soil’s shear strength.  Root area ratio (𝑅𝐴𝑅) and the tensile strength of the root (𝑡𝑟) are 
the main components of cohesion due to grass roots (𝑐𝑟).  It has also been shown that an 
increase in root density (𝑅𝐷) increases the magnitude of shear strength in soils (Tengbeh, 
1989).   
 Typical engineering methods of measuring mechanical behavior of soils are 
invasive.  These methods include laboratory test from core samples, cone penetrometer, 
field shear vane, tensiometers, and many others.  In recent years acoustic methods have 
been developed to study soil wetting, compaction, and other processes (Berkenhagen et 
al., 1998; Lu et al., 2004; Whalley et al., 2012).  These acoustic methods utilize the 
mechanics of stress waves to measure soil properties.  Unsaturated soils are considered 
granular materials, or porous media.  The soil consists of a skeletal matrix of soil 
particles and two pore fluids, water and air.  The mechanical behavior of the media can 
be defined by the grain properties (bulk and shear moduli and density), the external and 
inter-particle forces (overburden pressure, matric suction, and cohesion), and the makeup 
of the porespace (porosity and saturation).   
The acoustic approach has the benefit of being non-invasive and can be 
performed in both the field and laboratory.  Acoustic waves traveling through soil 
interact with the soil particles and interstitial fluids.  Acoustic deformations are small 
strain phenomena on the order of microns.  Introducing small propagating waves does 
not alter the fabric of the soil, so the propagation is considered a constant-fabric 
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deformation of the soil and can therefore be used to monitor ongoing internal changes of 
the soil.  Some of the properties that affect the acoustic response include:  bulk and shear 
moduli of the particles, grain density, effective stress, cohesive forces, matric suction, 
saturation and porosity.  These can be related using Biot(1962)-Gassmann(1951) and 
Hertz(1882)-Mindlin(1949) theories.   
Biot-Gassmann theory of p-waves uses fluid separation to define the stress waves 
in porous medium that is partially saturated with two fluids, water and air.  Since the 
pore contents of unconsolidated sediments have practically no shear resistance, the 
effective shear modulus of the soil is equal to the shear modulus of the skeletal matrix.  
Hertz-Mindlin theory of granular material treats soil as a skeletal matrix based on the 
packing of grains.  The grains have external and inter-particle forces that make up the 
effective stress.   
Effective stress is made up of three components:  overburden pressure, soil 
suction, and the apparent tensile stress (or cohesive stress) (Lu and Likos, 2006).  
Overburden is a function of bulk density and the depth of interest.  Since the depth of the 
measurements was constant for the experiment in this thesis, the overburden pressure is 
constant if there is no settlement.  Soil suction stress is a function of matric suction 
which arises from capillary forces pulling particles together in unsaturated soil.  The 
relation between matric suction and soil suction stress can be derived from van 
Genutchen’s (1980) fitting parameters for a given soil-water characteristic curve.  Matric 
suction was measured to be constant using tensiometers throughout this experiment.  
Apparent tensile stress is a function of cohesion and internal friction angle.  As 
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mentioned above, cohesion is known to increase as a function of root growth.  If 
cohesion increases, the cohesive stress increases and in turn increases the effective stress 
of the soil.  An increase in effective stress will increase the bulk and shear moduli of the 
media, and the p-wave velocity will increase.   
As soil sits, settlement will occur.  Settlement is a reduction in the volume of the 
porespace, or a decrease in porosity of the soil.  In clays such as smectite, the grains 
themselves can shrink or expand during drying or wetting, respectively.  For this 
experiment during the development of roots, the water level in the soil remained 
constant, so we did not expect to experience any shrinking or expanding.  If the moisture 
content remains constant while the porosity decreases, the saturation of the soil will 
effectively increase.  When settlement occurs, the easily compressible air is pushed out.  
The porespace is then filled with less compressible water.  This decreases the 
compressibility of the media substantially, increasing the p-wave velocity with every 
small increase of saturation.  In this experiment the assumption was made that the soil 
was near full saturation and settlement occurred which assisted in the increase in p-wave 
velocity.   
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Figure 1.1 Effect of settlement and roots on geotechnical properties 
This study assesses the feasibility of an acoustic method to monitor changes in 
the p-wave velocity of the soil as a function of grass root growth and settlement.  Wu et 
al. (1979) made the observation that the presence of roots will increase the soil’s 
cohesion by lending tensile reinforcement from the roots.  The settlement is also assumed 
to increase velocity due to a decrease in porosity.  Decrease in porosity with a constant 
moisture content increases the incompressibility of the porespace by pushing air out and 
replacing with less compressible water.  The increase in cohesion and decrease in 
porosity will be reflected in the acoustic behavior of soils.   
  
𝑐𝑟 
𝑛 
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1.2 OBJECTIVES 
 The objectives of this laboratory experiment are listed below.   
1. Assess the feasibility of measuring changes in the acoustic response of soils as a 
function of grass root growth and settlement.   
2. Model the effect of grass root reinforcement on the cohesion of soil and the effect 
of settlement on the saturation of the soil. 
3. Measure the effect of grass root reinforcement on the cohesion of soils and 
predict the effect of settlement on the saturation of the soil. 
4. Relate the increase in cohesion, due to grass root reinforcement, to increases in p-
wave velocity, due to grass root reinforcement, and relate increase in saturation 
due to decrease in porosity, or settlement, and increase in velocity.   
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CHAPTER II:  THEORY  
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2.1 ACOUSTICS OF SOIL 
 Gassman’s (1951) theory of stress waves in single fluid saturated porous medium 
can be used to relate the p-wave velocity in the low frequency limit to effective moduli 
and density of the porous medium as 
 
𝑉𝑝 =
√𝐾𝑒𝑓𝑓 +
4
3𝐺𝑒𝑓𝑓
𝜌𝑏
 
(2.1) 
where: 
𝑉𝑝 = compressional wave velocity (m/s) 
𝐾𝑒𝑓𝑓 = effective bulk modulus (Pa) 
𝐺𝑒𝑓𝑓 = effective shear modulus (Pa) 
𝜌𝑏 = bulk density (kg/m³).   
 Biot’s (1962) theory uses fluid separation to explain stress waves in a porous 
medium that is partially saturated with two fluids (ie. water and air).  The bulk density 
(𝜌𝑏) can be expressed as the three component densities weighted by degree of saturation 
(𝑆) and porosity (𝑛),  
 𝜌𝑏 = 𝑛(𝑆𝜌𝑤 + (1 − 𝑆)𝜌𝑎) + (1 − 𝑛)𝜌𝑔. (2.2) 
Biot-Gassmann theory can be implemented to calculate effective moduli, 𝐾𝑒𝑓𝑓 
and 𝐺𝑒𝑓𝑓 , of the porous material (Mavko et al., 2009) using   
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𝐾𝑒𝑓𝑓
𝐾𝑜 − 𝐾𝑒𝑓𝑓
=
𝐾𝑚𝑎𝑡𝑟𝑖𝑥
𝐾𝑜 − 𝐾𝑚𝑎𝑡𝑟𝑖𝑥
+
𝐾𝑝𝑜𝑟𝑒
𝑛(𝐾𝑜 − 𝐾𝑝𝑜𝑟𝑒)
 (2.3) 
and 
 𝐺𝑒𝑓𝑓 = 𝐺𝑚𝑎𝑡𝑟𝑖𝑥 (2.4) 
 where: 
𝐾𝑜 = bulk modulus of the grains (Pa) 
𝐾𝑚𝑎𝑡𝑟𝑖𝑥 = elastic modulus of the matrix (Pa) 
𝐾𝑝𝑜𝑟𝑒 = bulk modulus of the porespace (Pa) 
𝐺𝑚𝑎𝑡𝑟𝑖𝑥 = shear modulus of the skeletal matrix (Pa). 
 The bulk modulus of the porespace filled with water and air is expressed as a 
weighted isostress average of the constituents 
 
1
𝐾𝑝𝑜𝑟𝑒
=
𝑆
𝐾𝑤𝑎𝑡𝑒𝑟
+
1 − 𝑆
𝐾𝑎𝑖𝑟
 (2.5) 
where: 
𝐾𝑤𝑎𝑡𝑒𝑟 = bulk modulus of water (Pa) 
𝐾𝑎𝑖𝑟 = bulk modulus of air (Pa). 
Since soils are composed of a granular matrix, the Hertz-Mindlin theory (Hertz, 
1882; Mindlin, 1949) expresses the moduli of the skeletal matrix based upon a model of 
a packing of spheres to be 
 𝐾𝑚𝑎𝑡𝑟𝑖𝑥 = √
𝑛𝑐2(1 − 𝑛)2𝐺2
18𝜋2(1 − 𝜈)2
𝜎′
3
 (2.6) 
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 𝐺𝑚𝑎𝑡𝑟𝑖𝑥 =
5 − 4𝜈
5(2 − 𝜈)
√
3𝑛𝑐2(1 − 𝑛)2𝐺2
2𝜋2(1 − 𝜈)2
𝜎′
3
 (2.7) 
where: 
𝑛𝑐 = grain coordination number  
𝑛 = porosity  
𝐺 = grain shear modulus (Pa) 
𝜈 = grain Poisson’s ratio 
𝜎′ = total effective stress (Pa). 
The grain coordination number is six for a simple cubic packing and 12 for 
hexagonal close packing of identical spheres.  For the current soil model the grains are 
assumed to be in simple cubic packing, so that the grain coordination number is assumed 
to be six.  With this coordination number, the porosity should be about 0.48 (Cho et al., 
2006).  If the solid grains are assumed to be clay, then the grain Poisson’s ratio and grain 
shear modulus are 0.14 and 1.5 × 109 Pa, respectively (Mavko et al., 2009).  Under 
these assumptions the effective moduli are solely a function the effective stress. 
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2.2 SOIL STRESSES 
 The effective stress is traditionally defined as the difference between net 
overburden stress (𝜎) and excess pore water pressure (𝑢) (Terzaghi, 1943), 
 𝜎′ = 𝜎 − 𝑢. (2.8) 
Effective stress can be extended to include more specific fluid related stresses in 
a partially saturated soil.  The generalization includes two components:  soil suction 
stress (𝜎′𝑠) and apparent tensile stress at the saturated state caused by cohesive and 
physicochemical forces (𝜎′𝑐𝑜) (Lu and Likos, 2006) so that  
 𝜎′ = 𝜎 + 𝜎′𝑠 + 𝜎𝑐𝑜.  (2.9) 
Net overburden stress is the product of bulk density, gravitational acceleration 
(𝑔), and the depth below the soil surface (ℎ),   
 𝜎 = 𝜌𝑏𝑔ℎ. (2.10) 
In the current experiment, depth below the soil surface is the depth the 
transducers are buried, 0.1 m.  The work of van Genuchten (1980) is commonly used to 
empirically fit capillary pressures and water saturations for different sediments.  Soil 
suction stress can be derived from van Genuchten’s fitting parameters for soil-water 
characteristic curves (SWCC) (Song et al., 2012), 
 𝜎′𝑠 =
𝑆𝑒
𝛼
(𝑆𝑒
𝑛𝑣
1−𝑛𝑣 − 1)
1
𝑛𝑣 ∙ 1000 (2.11) 
where: 
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𝑆𝑒 = effective saturation 
𝛼 and 𝑛𝑣 = van Genuchten empirical fitting parameters.   
 Effective saturation can be estimated using van Genuchten fitting parameters and 
matric suction 
 𝑆𝑒 =
𝜃 − 𝜃𝑟
𝜃𝑠 − 𝜃𝑟
= [
1
1 + [𝛼(
𝜓
1000)]
𝑛𝑣
]
𝑛𝑣−1
𝑛𝑣  (2.12) 
where:  
𝜃 = volumetric moisture content 
𝜃𝑟 = residual volumetric moisture content 
𝜃𝑠 = saturated volumetric moisture content 
𝜓 = matric suction (Pa). 
The first equation is the definition of effective saturation, and the second uses van 
Genuchten’s fitting method.  The apparent tensile stress at the saturated state caused by 
cohesive and physicochemical forces can be estimated using (Song et al., 2012) 
 𝜎𝑐𝑜 =
𝑐′ + 𝑐𝑟
𝑡𝑎𝑛𝜙
 (2.13) 
where: 
𝑐′ = cohesion of soil (Pa) 
𝑐𝑟 = cohesion due to the presence of roots (Pa) 
𝜙 = internal friction angle (degrees).   
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The stresses can be represented as a Mohr Coulomb failure envelope shown in 
Figure 2.1.   
 
Figure 2.1 Illustration of stresses in Mohr Coulomb failure envelope 
This is a linear relationship between maximum shear stress (𝜏) and effective 
normal stress (𝜎′) in the soil at failure.  The cohesion (𝑐) is the shear stress at zero 
effective normal stress.  In this work, the assumption is made that the cohesion is the 
only parameter affected by the presence of roots.   
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2.2 ROOT REINFORCEMENT OF SOIL 
 Soils reinforced with roots have been more resistant to soil erosion compared to 
bare soils (Pollen et al., 2005).  The roots add tensile strength to resist erosion of the 
soil which in turn increases the soil’s shear strength (𝜏), or cohesion (𝑐).  The model 
below utilizes the tensile strength of roots (𝑡𝑟), the root area ratio (𝑅𝐴𝑅), and the root 
density (𝑅𝐷) to predict the increase in cohesion (𝑐) of soils.  Wu et al. (1979) 
developed a simple perpendicular root model to evaluate cohesion due to roots (𝑐𝑟).  
The tensile strength of roots per unit area and the angle of shear distortion (𝜃) are 
shown in Figure 2.2.   
  
Figure 2.2 Simple perpendicular root model (Wu et al., 1979) 
The tensile strength of roots is weighted by the root area ratio which is the area 
of the roots divided by the total area of the sample.  Wu’s et al. (1979) original 
equation to predict root cohesion is shown in Equation 2.14.  The internal friction angle 
Deformed roots 
𝜃 
𝜏 
𝜏 
𝑑𝑟 
𝑡𝑟 
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of the soil is denoted by 𝜙 in   
 𝑐𝑟 = 𝑡𝑟𝑅𝐴𝑅(𝑠𝑖𝑛𝜃 + 𝑐𝑜𝑠𝜃𝑡𝑎𝑛𝜙). (2.14) 
 Wu noticed that the values of the root cohesion showed small variation with a 
range of the shear distortion angle and internal friction angle (Wu et al., 1979).  In the 
same paper that introduced the simple perpendicular root model, the equation was 
simplified.  The term in parentheses was assumed to be a constant of 1.2 giving 
 𝑐𝑟 = 1.2𝑡𝑟𝑅𝐴𝑅. (2.15) 
De Baets et al. (2008) measured root diameter and tested the tensile strength of 
roots.  A power law relationship was then established between the root diameter and 
the root’s tensile strength 
 𝑡𝑟 = 𝑎𝑑𝑟
−𝑏
. (2.16) 
Cheng et al. (2003) measured the tensile strength of Bahia and Bermuda roots 
as a function of root diameter (Figure 2.3).  The parameters 𝑎 and 𝑏 were equal to 
12955 and 0.568, and 14719 and 0.877 for Bermuda and Bahia grass, respectively.  
The range of tensile strengths measured for Bahia grass roots is from 13000 to 25000 
kPa, and the range for Bermuda grass is from 10000 to 17000 kPa.   
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Figure 2.3 Cheng et al. (2003) power law relationship 
Root density is the mass of dried roots (𝑀𝑅) divided by the volume of the soil 
reinforced (𝑉), 
 𝑅𝐷 = 
𝑀𝑅
𝑉
. (2.17) 
In order to relate root density to root area ratio, the assumption was made that 
the lengths of the roots are equal to the total length of the sample.  This allows root 
area ratio to be equal to root volume ratio, and root density can be related to root area 
ratio through root tissue density, 
 RD = RTD ∙ RAR. (2.18) 
Average root tissue density was assumed to be that of an average fine root tissue 
density of roots from a field-community in shallow soil and was equal to 315 kg/m³ 
(Birouste et al., 2014).   
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2.3 PARAMETERIZATION 
Many parameters had to be determined through assumptions and measurements.  
A prepared sample of the same soil was tested before the acoustic measurements to 
determine geotechnical properties before sod was planted.  Tests on a prepared sample of 
the same soil yielded an average, estimated porosity equal to 0.57.  It is probable that 
roots can alter bulk density by filling or creating water and air voids.   With the 
complexity of the mechanics of grass growth, the assumption was made that bulk density 
does not change as a function of grass root growth.  The only parameters assumed to be 
affected are root cohesion due to the mobilization of tensile strength and porosity due to 
settlement.   
 A water characteristic curve was not measured but predicted using van 
Genuchten empirical parameters for silt, 𝛼 and 𝑛𝑣, are 0.052/m and 2.003, respectively.  
The matric suction was measured after the sod was planted during acoustic tests using 
Soil Moisture tensiometers (#2710ARL06-L, www.soilmoisture.com) and remained 
fairly constant at 3000 Pa.  Using van Genutchen’s model with a constant matric suction 
of 3000 Pa, the resulting effective saturation was constant at 0.99.   
Typical limiting volumetric moisture contents, 𝜃𝑟 and 𝜃𝑠, for a silty clay loam are 
0.10 and 0.55, respectively (Leij et al., 1996).  The actual moisture content was measured 
after the sod was planted during acoustic tests with a Stevens HydraProbeII (#93640, 
www.stevenswater.com) and remained fairly constant at 0.45.  Using the predicted 
effective saturation and the measured volumetric moisture content, the porosity is 
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calculated to by 0.45 which is close to the measured value of 0.47.   
Low matric suction means that soil suction stress was not a major component of 
effective stress.  The suction stress was predicted to be 3000 Pa from the measured 
matric suction of 3000 Pa and the fitting parameters.  Since volumetric moisture content 
and matric suction have been measured to remain constant, soil suction stress must have 
been constant.  If there was no settlement, overburden stress remained constant at 1800 
Pa throughout the acoustic tests.  If settlement was included in the model, bulk density 
would increase due to a decrease in porosity.   
At the end of the experiment, core samples were taken from each quadrant of the 
same box.  Direct shear tests were performed on core samples.  Average total cohesion of 
the reinforced soil and internal friction angle were 11000 Pa and 32°, respectively.  
Cohesion of the soil was assumed only to change due to the presence of roots.  A 
common assumption in the literature is internal friction angle is unaffected by root 
growth (Operstein et al., 2000).  If there was no settlement and soil suction stress was 
constant, changes in effective stress was solely a function of changes in cohesion due 
to the presence of roots.  If there was settlement and soil suction stress was constant, 
changes in effective stress was a function of changes in cohesion due to roots, and 
changes in saturation was a function of changes in porosity and moisture content.   
 The soil model in this thesis consisted of a solid granular matrix composed of 
clay minerals saturated with a mixture of air and water.  A complete list of initial and 
final parameter values are presented in Tables 2.1 and 2.2.   
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Table 2.1 Initial parameters 
Symbol Parameter Value Comment Vary with 
Grass Growth 
𝑐′ Soil cohesion 2000 Pa Measured with 
direct shear tests 
Yes 
𝑐𝑟 Root cohesion 0 Pa Measured with 
direct shear tests 
Yes 
𝜙 Internal friction 
angle 
32 ° Measured with 
direct shear tests 
No 
𝜎𝑐𝑜 Cohesive stress 3200 Pa Calculated with 
Equation 2.13 
Yes 
𝜓 Matric suction 3000 Pa Measured with 
tensiometers 
No 
𝜃 Volumetric 
moisture content 
0.45 Measured with 
HydraProbeII 
Yes 
𝑤 Gravitational 
moisture content 
0.32 Measured Yes 
𝛼 van Genutchen’s 
empirical fitting 
parameters 
0.052 𝑚−1 Assumed 
constant 
No 
𝑛𝑣 2.003 No 
𝑆𝑒 Effective 
saturation 
0.99 Calculated with 
Equation 2.12 
No 
𝜎′𝑠 Soil suction stress 3000 Pa Calculated with 
Equation 2.11 
No 
𝜌𝑏 Bulk density 1790 kg/m³ Measured No 
𝑔 Gravitational 
constant 
9.81 m/s² Assumed 
constant 
No 
ℎ Depth 0.1 m Depth of 
transducers 
No 
𝜎 Overburden stress 1800 Pa Calculated with 
Equation 2.10 
No 
𝜎′ Effective stress 7900 Pa Calculated with 
Equation 2.9 
Yes 
𝜈 Poisson’s ratio 0.14 Assumed 
constant 
No 
𝐺 Grain shear 
modulus 
1.5 × 109 Pa Assumed 
constant 
No 
𝑛 Porosity 0.57 Measured Yes 
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Symbol Parameter Value Comment Vary with 
Grass Growth 
𝑛𝑐 Coordination 
number 
6 Assumed 
constant 
No 
𝐾𝑎𝑖𝑟 Air bulk modulus 1.01 × 10
5 Pa Assumed 
constant 
No 
𝐾𝑤𝑎𝑡𝑒𝑟 Water bulk 
modulus 
2.15 × 109 Pa Assumed 
constant 
No 
𝑆 Saturation 0.79 Measured Yes 
𝐾𝑝𝑜𝑟𝑒 Bulk modulus of 
porespace 
4.8 × 105 Pa Calculated with 
Equation 2.5 
Yes 
𝐺𝑚𝑎𝑡𝑟𝑖𝑥 Shear modulus of 
skeletal matrix 
1.4 × 107 Pa Calculated with 
Equation 2.7 
Yes 
𝐾𝑚𝑎𝑡𝑟𝑖𝑥 Bulk modulus of 
skeletal matrix 
9.4 × 106 Pa Calculated with 
Equation 2.6 
Yes 
𝐾𝑜 Grain bulk 
modulus 
2.50 × 1010 Pa Assumed 
constant 
No 
𝐺𝑒𝑓𝑓 Effective shear 
modulus 
1.4 × 107 Pa Calculated with 
Equation 2.4 
Yes 
𝐾𝑒𝑓𝑓 Effective bulk 
modulus 
1.0 × 107 Pa Calculated with 
Equation 2.3 
Yes 
𝜌𝑔 Grain density 2550 kg/m³ Assumed 
constant 
No 
𝜌𝑎 Air density 1.22 kg/m³ Assumed 
constant 
No 
𝜌𝑤 Water density 1000 kg/m³ Assumed 
constant 
No 
𝑉𝑝 P-wave velocity 220 m/s Measured with 
time of flight 
Yes 
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Table 2.2 Final parameters 
Symbol Parameter Value Comment Vary with 
Grass Growth 
𝑐′ Soil cohesion 10000 Pa Measured with 
direct shear tests 
Yes 
𝑐𝑟 Root cohesion 1000 Pa Measured with 
direct shear tests 
Yes 
𝜙 Internal friction 
angle 
32 ° Measured with 
direct shear tests 
No 
𝜎𝑐𝑜 Cohesive stress 18000 Pa Calculated with 
Equation 2.13 
Yes 
𝜓 Matric suction 3000 Pa Measured with 
tensiometers 
No 
𝜃 Volumetric 
moisture content 
0.43 Measured with 
HydraProbeII 
Yes 
𝑤 Gravitational 
moisture content 
0.30 Measured Yes 
𝛼 van Genutchen’s 
empirical fitting 
parameters 
0.052 𝑚−1 Assumed 
constant 
No 
𝑛𝑣 2.003 No 
𝑆𝑒 Effective 
saturation 
0.99 Calculated with 
Equation 2.12 
No 
𝜎′𝑠 Soil suction stress 3000 Pa Calculated with 
Equation 2.11 
No 
𝜌𝑏 Bulk density 1790 kg/m³ Measured No 
𝑔 Gravitational 
constant 
9.81 m/s² Assumed 
constant 
No 
ℎ Depth 0.1 m Depth of 
transducers 
No 
𝜎 Overburden stress 1800 Pa Calculated with 
Equation 2.10 
No 
𝜎′ Effective stress 22000 Pa Calculated with 
Equation 2.9 
Yes 
𝜈 Poisson’s ratio 0.14 Assumed 
constant 
No 
𝐺 Grain shear 
modulus 
1.5× 109 Pa Assumed 
constant 
No 
𝑛 Porosity 0.47 Measured Yes 
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Symbol Parameter Value Comment Vary with 
Grass Growth 
𝑛𝑐 Coordination 
number 
6 Assumed 
constant 
No 
𝐾𝑎𝑖𝑟 Air bulk modulus 1.01 × 10
5 Pa Assumed 
constant 
No 
𝐾𝑤𝑎𝑡𝑒𝑟 Water bulk 
modulus 
2.15 × 109 Pa Assumed 
constant 
No 
𝑆 Saturation 0.91 Measured Yes 
𝐾𝑝𝑜𝑟𝑒 Bulk modulus of 
porespace 
1.2 × 106 Pa Calculated with 
Equation 2.5 
Yes 
𝐺𝑚𝑎𝑡𝑟𝑖𝑥 Shear modulus of 
skeletal matrix 
2.2 × 107 Pa Calculated with 
Equation 2.7 
Yes 
𝐾𝑚𝑎𝑡𝑟𝑖𝑥 Bulk modulus of 
skeletal matrix 
1.5 × 107 Pa Calculated with 
Equation 2.6 
Yes 
𝐾𝑜 Grain bulk 
modulus 
2.50 × 1010 Pa Assumed 
constant 
No 
𝐺𝑒𝑓𝑓 Effective shear 
modulus 
2.2 × 107 Pa Calculated with 
Equation 2.4 
Yes 
𝐾𝑒𝑓𝑓 Effective bulk 
modulus 
1.8 × 107 Pa Calculated with 
Equation 2.3 
Yes 
𝜌𝑔 Grain density 2550 kg/m³ Assumed 
constant 
No 
𝜌𝑎 Air density 1.22 kg/m³ Assumed 
constant 
No 
𝜌𝑤 Water density 1000 kg/m³ Assumed 
constant 
No 
𝑉𝑝 P-wave velocity 560 m/s Measured with 
time of flight 
Yes 
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CHAPTER III:  METHODS  
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3.1 OVERVIEW 
 There were three different phases for this laboratory experiment:  pre-acoustic 
measurements (geotechnical tests performed on prepared samples of the same soil), 
during-acoustic measurements (acoustic and continuous tests performed on the 
reinforced soil from after the sod was planted until the sample was destroyed), and 
post-acoustic measurements (destructive tests performed on the soil in the box and on 
cores taken from the box).  The continuous tests performed during the acoustic tests 
and grass root growth consisted of measuring moisture content in the center of the 
quadrants and matric suction in the center as well as in each quadrant.  The destructive 
tests performed in the box after the acoustics tests consisted of measuring field vane 
shear strength and cone tip resistance.  Soil core samples were taken from each 
quadrant.  Direct shear tests were performed on samples from the cores.  Geotechnical 
tests were then performed on the samples after the direct shear tests.  After the 
geotechnical tests, roots were washed out of the sample to measure root density.  
Figure 3.1 shows the quadrants after sod was planted in September of 2014 and before 
cores were taken in October of 2015. 
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Figure 3.1 a) Grass planted September 15, 2014, b) Cores taken October 16, 2015 
 In October of 2013 piezoelectric, bimorph transducers were built at The 
University of Mississippi (UM) NCPA.  These work by sending an electric pulse to the 
source transducer’s ceramic disks which bend outwardly.  A stress wave is produced 
from this bending.  The stress propagates through the soil as a p-wave and interacts 
with the particles and pore fluids.  The stress wave bends the receiving transducer.  The 
mechanical stress is converted to an electric signal which is shown as a waveform.   
Figure 3.2 shows the ceramic disks and the cables.    
  
Figure 3.2 a) Inside of and b) complete bimorph transducer with BNC connector 
 
a) b) 
a) b) 
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The box was built by NCPA’s machine shop in December of 2013.  In January 
of 2014, the USDA ARS, NSL donated silty clay loam for the box.  The soil was dried 
and ground using NSL’s drying trailer and grinder.  In February of 2014 a 0.06 m layer 
of pea gravel was placed in the bottom of the box.  In March soil was added to the box 
and three transducers were buried in each quadrant at a depth of 0.1 m.  The transducer 
spacing was 0.15 m.  The quadrants were separated with geotextile fabric to keep roots 
from growing into other quadrants.  Lights were hung from a rack made by the NCPA 
machine shop.  In May water was added from the bottom of the box.  The level was 
brought up slowly throughout May and June.  At the end of June a fill valve was 
installed to the water reservoir to automatically keep the level constant.  A tensiometer 
was installed in June 2014 at the center of the quadrants at a depth of 0.15 m in June 
2014.  The ceramic cup of the tensiometer was 0.05 m long, so the measurement 
ranged from 0.1 to 0.15 m in depth.  Figure 3.3 shows the box at the end of July 2014 
after the HydraProbeII and the first tensiometer were installed.   
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Figure 3.3 Box in July of 2014 
From August to September seeds were planted twice without success.  In 
September of 2014, sod was planted.  Acoustic behavior began to change between each 
quadrant without much change in the matric suction from the center tensiometer.  More 
tensiometers were installed in the corners of each quadrant at a depth of 0.1 m in June 
of 2015 to assess if the change was due to local changes in matric suction.  After the 
conclusion of acoustics measurements in October of 2015, three field shear vane and 
three cone penetrometer tests were conducted in each quadrant, and three soil cores 
were collected from each quadrant.  Direct shear tests were conducted on the cores at 
depths of 0.5, 0.1 and 0.2 m.  After the shear tests, samples were measured and dried to 
measure final geotechnical properties.  After samples were dried, roots were washed 
from each sample to measure root density.  Figure 3.4 shows a diagram of all the tests 
conducted on the soil during and after the acoustic tests.  Table 3.1 explains the 
symbols, instrumentation, parameters and units.   
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Figure 3.4 Diagram of tests conducted in box 
Table 3.1 Symbols for diagram, tests conducted, parameters measured and units 
Symbol Instrumentation Parameter Units 
A Bimorph transducer P-wave velocity m/s 
C 
Geotechnical tests 
Bulk density kg/m³ 
Dry density kg/m³ 
Gravitational moisture content kg/kg 
Porosity 
 Void ratio   
Degree of saturation 
 
Direct shear test 
Shear strength kPa 
Cohesion kPa 
Internal friction angle degrees 
Root washing 
Root density kg/m³ 
 Root area ratio % 
HP HydraProbeII 
Volumetric moisture content m³/m³ 
Conductivity S/m 
Dielectric permittivity F/m 
Soil temperature °C (°F) 
P Pentrologger Cone tip resistance kPa 
T Tensiometer Matric suction kPa 
V Shear vane test Field vane shear strength kPa 
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3.2 SAMPLE PREPARATION AND TESTS 
 The container was filled with a silty clay loam soil donated from USDA ARS, 
NSL.  Pipette analysis was conducted by NSL to determine the percentages of sand, 
silt, and clay.  The soil consisted of 1% sand, 67% silt and 32% clay as shown in the 
soil triangle in Figure 3.6.   
 
Figure 3.6 Classification of soil sample 
The mineralogy of the clay is unknown, but after the experiment when the clay 
was allowed to dry, shrinking was noticed.  This means the clay was a type of fat clay 
such as smectite.  The clay was also considered a high plasticity clay according to the 
Unified Soil Classification and Symbols (USCS) test.   
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The soil was dried, ground, and compacted into the box  (1.2 x 1.2 x 0.6 m) in 
0.025 m layers with a metal plate.  There were a total of 12 layers per quadrant to reach 
the depth of 0.3 m.  Acoustic transducers were placed 0.1 m deep and 0.15 m apart 
during compaction.  After the soil was compacted into the box, stresses in the soil were 
allowed to relax for two months.  The water was then slowly introduced from a drain in 
the bottom center of the box while the soil was under tension.  The water level in an 
external reservoir was slowly raised for a month to saturate the soil to the surface.  
Once saturated to the surface, the water in the reservoir was lowered slowly back to a 
height of 0.025 m above the top of the pea gravel layer.   
Grass sod pieces were placed on top of the soil layer making sure the roots and 
the top soil had good contact with the prepared soil layer.  The Common Bermuda sod 
(Cynodon dactylon) was donated by a commercial turf company, Tula Turf in Oxford, 
MS.  The 007 Sumrall Bermuda grass (Cynodon dactylon) was collected from pasture 
land in Marshall County, MS, and the wild Bahia mix (Paspalum notatum) was 
collected from a roadside slope in Oxford, MS.  Sunlight Supply Sun Blaze T5 grow 
lamps were placed 0.3 m above the top of the grass and left on 12 hr/day.  The grass 
was cut weekly to the height of 0.15 m for the Forage Bermuda and Bahia and 0.08 m 
for the Common Bermuda.  The grass quadrants were fertilized twice a week with 
Miracle-Gro LB 15-30-15 (𝑁 − 𝑃2𝑂5 − 𝐾2𝑂) water soluble fertilizer to boost root 
growth.  Other ingredients besides nitrogen, phosphorous and potash include boron, 
copper, iron, manganese, molybdenum, and zinc.  The fertilizer does not have a 
deflocculating agent, so the clay bonds should not be unaltered by the fertilizer.  Air 
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temperature was measured daily with a Temperature Humidity USB Monitor.   
After acoustic tests, an AMS field vane shear tester (#59020, www.ams-
samplers.com) was used to measure the undrained field vane shear strength of soil and 
soil-root matrices as a function of depth.  Three tests were conducted for each quadrant 
at depth increments of 0.05 m.  The largest vane (0.0254 x 0.0508 m) was used since 
the soil is near fully saturated.  An auger was used to reach each depth increment.  
Figure 3.7 shows the shear vane, dummy vane, and auger utilized in the experimental 
setup.    
 
 
 
Figure 3.7 a) Shear vane tester, auger, and bore holes in b) Bahia grass and c) bare soil 
 
a) 
b) 
c) 
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Cone penetrometer tests (CPT) were also conducted in each quadrant after the 
acoustic tests using an Eijkelkamp Pentrologger set A (#06.15.SA, 
www.en.eijkelkamp.com) to acquire cone tip resistance of soil as a function of depth.  
The largest cone (5 cm²) was utilized since the soil was near fully saturated.  The 
resolution of the data was 0.01 m.  The Pentrologger was bolted to the grow light frame 
in order to keep the Pentrologger still while testing.  A cored drill was used to bore the 
cone tip into the soil at a constant rate of 0.02 m/s.  Figure 3.8 shows the Pentrologger 
attached to the light frame, the test area with boreholes, and the cone tip after going 
through the soft soil.   
 
Figure 3.8 a) Penetrologger bolted to light rack, b) boreholes, and c) cone tip covered in 
soft soil 
 
  
a) b) c) 
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3.3 CORE SAMPLE MEASUREMENTS 
 After the acoustic tests, three cores 0.064 m x 0.31 m were taken from each 
grass soil matrix and the bare soil.  0.025 m x 0.064 m samples were sub-sectioned 
from the cores at 0.05, 0.1, and 0.2 m depths.   
Direct shear tests were conducted using American Society of Testing and 
Materials’ (ASTM) standard test method for direct shear tests of soils under 
consolidated drained conditions (ASTM D3080 / D3080M-11).  In order to build a 
Mohr Coulomb failure envelope, three shear strengths were needed from the same 
depth under three different normal stresses, so the assumption was made that the soil 
was laterally homogeneous.  This allowed a failure envelope, cohesion and internal 
friction angle to be measured as a function of depth for each quadrant.  The machine is 
shown in Figure 3.9.   
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Figure 3.9 USDA NSL’s direct shear test machine 
The shear box had a height of 0.025 m and a diameter of 0.0635 m.  The 
samples were sheared at 0.0635 mm/min.  The rate was slow enough to allow for pore 
water pressure to dissipate.  Normal stresses applied were 1.5, 4.6, and 7.7 kPa.  
Failure was defined by maximum shear stress or shear stress at 20 % relative lateral 
displacement, whichever came first.  Mohr Coulomb failure envelopes, or shear 
strength versus normal stress, were obtained at three depths to determine total cohesion 
as a function of depth.  Root cohesion was then calculated equal to the difference of the 
cohesion of the grass root reinforced soil and the cohesion of the bare soil.    
 After direct shear tests, the soil samples were weighed to determine bulk 
density.  The samples were placed in an oven at 105 °C for 24 hr.  The samples were 
weighed again to determine dry density.  Particle density was assumed to be that of 
clay 2550 kg/m³.  From the densities, gravitational water content, void ratio, porosity, 
and degree of saturation were calculated.   
 After the samples were dried, each root reinforced sample was washed to 
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separate the roots from the soil using NRCS hand sieving method (Franks et al., 2000).  
Samples were placed in water and stirred to help the roots disperse from the soil.  The 
roots floated to the top and were decanted onto a 0.5 mm sieve.  The process was 
repeated three or more times until all of the roots were on the sieve.  The roots were 
washed on the sieve to remove any soil as shown in Figure 3.10.   
 
Figure 3.10 Root washing 
Roots were rinsed off the sieve into a pan with a small jet of water.  The roots 
and water in the pan were poured onto filter paper.  The pan was rinsed, and the rest of 
the roots were poured onto the filter paper again to ensure no roots were left.  The 
water drained from the filter paper, and the roots air dried overnight.  The weights of 
the roots were recorded.  Root density was calculated using Equation 2.14.   
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3.3 MEASUREMENT OF P-WAVE VELOCITY 
The acoustic sensors consist of bimorph transducers built at NCPA and placed 
at a depth of 0.1 m.  Each quadrant had three sensors at a spacing (𝑥) of 0.15 m.  One 
transducer performed as the source and the other two as receivers to measure two sets 
of time of flight measurements in each quadrant.  Figure 3.11a illustrates the input 
negative, half cycle pulse of 6 kHz that vibrates into the source transducer (the orange, 
bottom line).  The created stress waves travel through the soil and are recorded by the 
receiving transducer (the blue, top line).  The time measurement (∆𝑡) annotated is 
referred to as the first arrival time or travel time.  Figure 3.11b shows a side view of the 
transducer spacing, and Figure 3.11c shows a picture of a transducer.   
 
Figure 3.11 a) Time of flight measurements, b) box diagram and c) transducer picture 
Using the measured travel time and the known separation between transducer 
a) b) 
c) 
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pairs, the compressional wave velocity (𝑉𝑝) were calculated using Equation 3.1, 
 𝑉𝑝 = 
𝑥
∆𝑡
. (3.1) 
Since the velocity of soils can change due to changes in temperature, moisture 
content, relaxation of stress and other properties not associated with grass growth, a 
control was required. The bare soil acoustic velocities were used as the baseline control 
for the experiment.   
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CHAPTER IV:  RESULTS  
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4.1 MEASUREMENTS DURING ACOUSTIC TESTS 
Throughout the acoustic measures as grass roots developed, volumetric 
moisture content and matric suction were measured with a HydraProbeII and 
tensiometers, respectively.  Temperature and dielectric properties of the soil were 
measured with a HydraProbeII in the center of the box.  The instrument converts the 
dielectric properties to volumetric moisture content based off of empirical relationships 
for specific soil types.  Figure 4.1 shows volumetric moisture content from September 
2014 to October 2015.  Saturated volumetric moisture content for a silt loam is 
approximately 0.46 m³/m³ (Leij et al., 1996).  This soil had high water retention 
properties since volumetric moisture content is around 0.45 m³/m³.  A change from 
0.45 to 0.43 m³/m³ is not considered a large decrease.  This decrease most likely 
occurred due to evapotranspiration.   
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Figure 4.1 Volumetric moisture content, 𝜽 (m³/m³) since planting grass 
 Average matric suction measured in between the quadrants at a depth of 0.15 m 
is shown in Figure 4.2.   
 
Figure 4.2 Average matric suction, 𝝍 (kPa) at a depth of 0.1 to 0.15 m since planting 
grass 
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in the red in Figure 4.2.  The larger variation in readings was due to pressure that was 
built up in the tensiometer itself, not based on the matric suction in the soil.  During 
proper operation, average fairly constant matric suction was measured at 3 kPa.  
Average matric suction remained low due to the soil having an average degree of 
saturation greater than 90 %.  Local matric suction, shown in Figure 4.3, was also 
measured for each grass type with tensiometers at a depth of 0.1 m.   
 
Figure 4.3 Local matric suction, 𝝍 (kPa) at depth of 0.05 to 0.1 m  
 Local matric suction for each of the grass types agreed with the average matric 
suction measured in between the quadrants.  The matric suction was very low, 3 to 5 
kPa, due to the soil being close to full saturation.  From August through October the 
matric suction is basically constant for all quadrants.   
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4.2 MEASUREMENTS AFTER ACOUSTIC TESTS 
4.2.1 Measurements in Box 
After acoustic tests, destructive measurements were conducted on the soil in the 
box, and core samples were taken from the quadrants for further tests.  Cone tip 
resistance (𝑞𝑐) and field vane shear strength (𝑆𝑢(𝑓𝑣)) were measured in each quadrant 
during October 2015.  Three cone penetrometer tests were conducted per quadrant 
(Figure 4.4).  The results were the average of the three trials (Figure 4.5). 
The bare soil had the lowest cone tip resistance.  This could be due to the lack 
of root resistance to penetration.  The Forage Bermuda had the highest resistance.  The 
resistance was appropriate since the roots seemed to be well developed in that 
quadrant.  The Bahia grass’s root system was much more developed, but the resistance 
was not as high as the other grasses.   
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Figure 4.4 Cone tip resistance, 𝒒𝒄 (kPa) as a function of depth, 𝒉 (m) for each quadrant 
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Figure 4.5 Cone tip resistance, 𝒒𝒄 (kPa) as a function of depth, 𝒉 (m) 
One would reason that more roots would translate to higher resistance by the 
roots.  The Common Bermuda grass had a higher resistance than expected.  The 
Common Bermuda could have been due to grass being pushed down by the cone.  A 
cone covered in grass would have had higher resistance than a bare cone.  Below the 
depth of 0.2 m, the cone tip resistance in the root reinforced soil was similar to the bare 
soil.   
Also in October 2015, three shear vane tests were conducted in each quadrant in 
five centimeter depth increments (Figure 4.6).  The average results of the three trials 
are shown in Figure 4.7.   
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Figure 4.6 Undrained shear strength, 𝑺𝒖(𝒇𝒗) (kPa) as a function of depth, 𝒉 (m) for each 
quadrant 
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Figure 4.7 Undrained field vane shear strength, 𝑺𝒖(𝒇𝒗) (kPa) as a function of depth, 𝒉 
(m) 
 
The bare soil had on average less field vane shear strength than the soil 
reinforced with grass roots.  The Forage Bermuda had the highest shear resistance at 
every depth.  However, shear strength values were low in general due to the high 
degree of saturation in the unconsolidated silty clay loam.  Shear vane test shear 
strength in remolded, undrained, soft silty clay typically range from 1 to 12 kPa 
(Kwong et al., 2001).  Values were within typical values according to the literature.  
For the bare soil, the shear strength was fairly constant as a function of depth.  For the 
grass root reinforced soil, the shear strength decreased as a function of depth.   
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4.2.2 Direct Shear Tests 
 Direct shear tests of soils under consolidated drained conditions were conducted 
to measure cohesion and internal friction angle on 36 samples.  Three cores were taken 
from each quadrant, and subsamples were taken from 0.05, 0.1 and 0.2 m depths of 
each core.  Within the quadrants, the soil and roots were assumed to be laterally 
uniform at each depth.  The assumption allowed for Mohr-Coulomb failure envelopes 
to be constructed from the three samples taken from three different cores at constant 
depths within the quadrants.  Normal stresses placed on the samples during the tests 
were chosen to represent overburden stresses in the soil at 0.1, 0.3 and 0.5 m and were 
calculated to be 1.5, 4.7, and 7.7 kPa.  The results of the tests are shown in Figures 4.8 
through 4.11. 
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Figure 4.8 Bare Soil shear stress, 𝝉 (kPa) versus lateral displacement, 𝒅 (mm) and shear 
stress, 𝝉 (kPa) versus normal stress, 𝝈 (kPa) from 0.05, 0.1, and 0.2 m depths  
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Figure 4.9 Common Bermuda Shear stress, 𝝉 (kPa) versus lateral displacement, 𝒅 (mm) 
and shear stress, 𝝉 (kPa) versus normal stress, 𝝈 (kPa) from 0.05, 0.1, and 0.2 m depths 
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Figure 4.10 Forage Bermuda shear stress, 𝝉 (kPa) versus lateral displacement, 𝒅 (mm) 
and shear stress, 𝝉 (kPa) versus normal stress, 𝝈 (kPa) from 0.05, 0.1, and 0.2 m depths 
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Figure 4.11 Bahia shear stress, 𝝉 (kPa) versus lateral displacement, 𝒅 (mm) and shear 
stress, 𝝉 (kPa) versus normal stress, 𝝈 (kPa) from 0.05, 0.1, and 0.2 m depths 
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Figure 4.12 Cohesion, 𝒄 (kPa) as a function of depth, 𝒉 (m) for each soil and roots 
 Measured cohesion values were low due to the soil being saturated.  The range 
of cohesions was also small.  Minnesota Department of Transportation, Pavement 
Design, 2007 suggest a range of cohesions for a saturated silty clay loam are from 10 to 
20 kPa.  The average total cohesion measured was 11 kPa.  The bare soil does, on 
average, have lower cohesion than the soils reinforced with roots.   
Even with roots the cohesion did not increase significantly as expected.  One possible 
explanation could be that the friction between the roots and the soil was very weak.  
Instead of the roots’ tensile strength being mobilized to the fullest leading to the roots 
breaking, the roots simply pulled out of the saturated soil.  Pullout occurs at a much 
lower shear stress for roots less than 3 mm in diameter in saturated soils (Pollen et al., 
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2005).  The suggestion was made that the fertilizer might have worked as a 
deflocculant pushing clay particle apart and weakening the shear strength of the soil.  
Further investigation into the fertilizer proved there was no deflocculating agent.  
Internal friction angle results are shown in Figure 4.13.     
 
Figure 4.13 Internal friction angle, 𝝓 (degrees) and a function of depth, 𝒉 (m) for each 
soil and roots 
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roots that increased or decreased internal friction angle.  Minnesota Department of 
Transportation, Pavement Design, 2007 suggests that a typical range of internal friction 
angle for a silty clay loam is from 18 to 32 º.  The average internal friction angle 
between all of the soil and grass types was 32 º.   
The internal friction angle was high for this soil type.  A possible explanation 
has to do with the locations where the cores were taken.  The test with the highest 
normal stress was conducted on a sample that was taken directly on top of a tuft of 
roots.  The test with the lowest normal stress was conducted on a sample that was taken 
from an area that did not have as many roots.  The result was a steep increase in shear 
stress as a function of normal stress, or steep internal friction angle, which led to a 
lower cohesion value.   
Another possible explanation could be that the sub-samples taken in the first 
0.05 m of the soil could have contained topsoil that was coarser than the soil below.  
Coarse grained soils are known to have higher internal friction angles than fine grained 
soils due to interlocking of grains.   
 
4.2.3 Geotechnical Tests 
After direct shear tests were conducted the, 36 samples were weighed, dried, 
and weighed again to get bulk density, dry density, porosity, void ratio, gravitational 
moisture content, and degree of saturation.  The table below has the average values and 
the standard deviations of the geotechnical parameters for each quadrant.  The values 
were averaged from three sub-samples taken from three cores in four quadrants.  The 
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averages were from nine measurements from each quadrant.   
Table 4.1 Geotechnical parameters taken after the acoustic measurements 
Quadrant 
ρb ± 
ρd ± 
n 
± 
e 
± 
w 
± 
S 
± 
kg/m³ kg/m³ % m³/m³ % % 
Bahia 1819 18 1357 19 47 1 0.88 0.03 34 1 99 3 
Bare soil 1783 31 1330 30 48 2 0.93 0.08 34 1 96 5 
Forage 
Bermuda 
1822 33 1365 23 46 1 0.87 0.03 34 1 98 5 
Common 
Bermuda 
1783 59 1323 52 48 1 0.92 0.04 35 1 95 3 
Average 1802 35 1344 31 47 1 0.90 0.05 34 1 97 4 
 
The values matched typical silty clay loam properties according to Minnesota 
Department of Transportation, Pavement Design, 2007.  The soil was a near saturated 
silty loam and classified to have average to high porosity.  In the bare soil the bulk 
density increased slightly with depth, but this was not far above the experimental error 
of the test.   
 
4.2.4 Root Washing 
 After the samples were dried and weighed, roots were washed from the soil 
samples and dried overnight.  The volumes of the soil-root samples were recorded as 
well as the weight of the dried roots.  Root density was measured for each sub-sample 
from each core.  The results are shown in Figure 4.14.   
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Figure 4.14 Root density, 𝑹𝑫 (kg/m³) as a function of depth, 𝒉 (m) for each core sample 
 The average measured root density was 3.7 kg/m³ which agrees with De Baets 
et al. (2008).  Root density was expected to decrease as a function of depth, but it 
seems that the roots were mainly present in the first 0.05 m of the soil.  The Common 
Bermuda had the lowest roots density on average.  The Forage Bermuda had the largest 
root density and largest variation at 0.05 m due to the tuft of roots where core C was 
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taken as discussed at the end of section 4.2.2.  Root density had the smallest variation 
at a depth of 0.1 m for all grasses.   
A logarithmic relationship could not be established between root density and 
cohesion as suggested in Tengbeh (1989).  The relationship between shear strength and 
root density was explored, but no logarithmic relationship could be established.  This 
was most likely due to the small range of shear strength and root density values 
measured.   
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4.3 P-WAVE VELOCITY MEASUREMENTS 
 Compressional wave velocity was measured with bimorph transducers for over 
13 months as grass roots developed.  There were two sets of time of flight 
measurements per quadrant as mentioned in section 3.4.  The acoustic tests were 
conducted from when the sod was planted until the destructive measurements were 
taken.  Results are presented in Figure 4.15.   
Initially the p-wave velocity in the bare soil was the highest.  The bare soil 
velocity values between the transducer pairs were approximately 30 m/s apart when the 
sod was planted. This was thought to be due to small variations in the sensor 
placement.  If the sensor spacing was different between transducer pairs, the assumed 
distance in the time of flight calculation would have given different velocities.  After 
the experiment, sensor spacing was measured to be the correct distance of 0.15 m.  
Another explanation may be differences in local compaction when soil was placed in 
the box.  Velocity was fairly constant in the bare soil until it increased 100 m/s from 
July to October.  The increase is predicted to be from settlement or an increase in soil 
cohesion.   
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Figure 4.15 P-wave velocity, 𝑽𝒑 (m/s) as a function of grass root growth 
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Initial p-wave velocities in the Common Bermuda were the lowest and more 
consistent between transducer pairs than the bare soil.  However in January, a local 
phenomenon occurs that separates the velocity by about 50 m/s.  This could have been 
due to roots growing in between one of the transducer pairs more than the other.  
During this time, both velocities increased slightly which could have been a sign that 
roots were developing in the soil at the depth of the transducers.  After the short 
increase, the velocities become fairly constant until August when the pairs come back 
together and begin to increase in the same way as the bare soil velocities.  The velocity 
in the Common Bermuda behaved similarly to the bare soil velocity.  The final velocity 
of the bare soil and Common Bermuda ranged from 290 to 350 m/s. Visual inspection 
and subsequent measurement of root density suggested that the Common Bermuda was 
not growing well.   
The initial velocities in the Bahia and Forage Bermuda were about 20 to 60 m/s 
less than the velocities of the bare soil.  This could have been due to difference in 
compaction between the quadrants.  The velocity in both quadrants started to increase 
in December due to grass root growth.  During this time, the velocity values were apart 
by up to 100 m/s.  The Bahia velocities came back together in May possibly due to root 
spreading homogeneously, but the Forage Bermuda velocities were about 130 m/s apart 
even at the end of the experiment suggesting the roots grew more heterogeneously.  
The velocity in both quadrants increased until June when the rate of increase in 
velocity slowed.  This could have been to a slowing of the root development.  For most 
of the experiment the Forage Bermuda and the Bahia velocities were twice as high as 
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the bare soil and Common Bermuda velocities suggesting more root growth.  The final 
velocity in the Bahia and the Forage Bermuda ranged from 500 to 640 m/s. 
 To summarize, the volumetric moisture content remained constant and close to 
fully saturated.  The soil had low average matric suction which is typical for saturated 
soils.  Average cone tip resistance and undrained field vane shear strength were highest 
in the grass quadrants in the first 0.05 to 0.1 m.  Direct shear test results were 
consistent between the quadrants most likely due to the soil being saturated and the 
roots getting pulled out instead of mobilizing the full their tensile strength.  Root 
density varies the most in the first 0.05 m of the soil and was consistent with the 
literature.  P-wave velocities in root reinforced soil increased up to 90 % compared to 
the bare soil velocities.   
 
 
  
63 
 
 
 
 
 
 
 
 
 
 
CHAPTER V:  DISCUSSION AND MODELLING  
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5.1 OVERVIEW 
 Compressional wave velocity was measured with bimorph transducers for over 
13 months as grass roots developed.  There were two sets of time of flight 
measurements per quadrant as described in section 3.4.  The velocity in the Forage 
Bermuda and Bahia started to increase in December of 2014.  The velocity increased 
until about June, 2015 when the rate of increase slowed down due to slower root 
growth.  Velocity in the Common Bermuda remained relatively constant throughout the 
experiment until July when both the bare soil and Common Bermuda started to 
increase due to settlement or increased total cohesion.  The majority of the Common 
Bermuda sod was yellow throughout the experiment.  Visual inspection and subsequent 
measurement of root density suggests that the Common Bermuda was not growing 
well.  For most of the experiment the Forage Bermuda and the Bahia velocities were 
twice as high as the bare soil and Common Bermuda velocities.   
The measured velocities varied between transducer pairs in each quadrant due 
local heterogeneity of the soil within the measurement volume.  In order to account for 
variability between transducer pairs, the measurements were averaged.  The average 
velocities measured for each grass type are shown in Figure 5.2. 
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Figure 5.2 Average p-wave velocity, 𝑽𝒑 (m/s) as a function of time  
A code was written in MATLAB® to invert the velocity data and predict 
cohesion and porosity as a function of time.  Coordination number, volumetric 
moisture content, matric suction, soil cohesion, porosity, grain shear modulus and other 
properties were measured and assumed in this model.  The values are shown in Table 
2.1.  The porosity measured agrees with typical porosities found in the literature for a 
simple cubic pack (Cho et al., 2006).  Equations 2.1 through 2.13 were used in this 
model.   
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5.2 BARE SOIL ANALYSIS 
On May 21, 2014 water was introduced to the bottom of the soil.  As described 
in section 3.1 the water level was raised slowly in order to keep the soil under tension.  
If the soil was not under tension then air voids could become trapped in the soil 
allowing for large voids.  By June 10, 2014 the water level had reached the top of the 
sample.  At the beginning of August 2014, the water level was lowered in 0.05 m 
increments until the water was 0.05 m above the gravel at the bottom of the soil.  
Compressional wave velocities were measured until October 26, 2015.  The average 
velocities between transducer pairs measured in the bare soil are shown in Figure 5.4.  
The initial velocity in the dry soil was about 150 m/s when wetting began.  Once the 
soil was wet to the surface the velocity increased up to 200 m/s.  As the water level was 
lowered back down to the bottom of the soil layer, the velocity increased slightly to 
220 m/s.  After the sod was planted, the velocity stayed relatively constant until it 
started to increase in July.  This increase was due to settlement or an increase in soil 
cohesion.   
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Figure 5.3 Average p-wave velocity, 𝑽𝒑 (m/s) in the bare soil as a function of time 
 The change in acoustic behavior in the bare soil was modeled under two 
scenarios.  The first case considered the increase in velocity was due to settlement, or a 
decrease in porosity.  The cohesion was assumed to be constant at 2 kPa from direct 
shear tests on prepared soil samples.  The measured time dependent moisture content 
and acoustic velocity were used to predict porosity shown in Figure 5.4.  Moisture 
content is shown in black, and the predicted porosity of the bare soil is green.   
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Figure 5.4 Bare soil porosity, 𝒏 and volumetric moisture content, 𝜽 as a function of time 
According to Swiss Standard (1999), inorganic silts with slight plasticity can 
have a range in porosity from 0.21 to 0.56.  The predicted porosity was within this 
range, but on the higher end which is typical for a nearly saturated silty clay loam.  The 
initial porosity measured on prepared samples and the final porosity measured on cores 
were 0.57 and 0.47, respectively.  The increase in moisture content and porosity at the 
beginning (Figure 5.4) may have been due to local wetting considering the water level 
was not altered.  The sharp decrease in moisture content was possibly due to a fan 
drying the soil surface for a few days to help the sod grow in the other quadrants.   
In order to explain the change in velocity, the saturation had to remain very 
large, greater than 0.99.  At saturations greater than 0.99, the p-wave velocity begins to 
behave like that in water due to the lower compressibility of the water saturated 
porespace.  In order to achieve saturation greater than 0.99, the porosity had to be close  
to the moisture content.  Theoretical velocity as a function of saturation is shown in 
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Figure 5.5.  The horizontal bars on the plot show the range of saturations needed to 
explain the p-wave velocities in each quadrant.  
 
Figure 5.5 Velocity, 𝑽𝒑 (m/s) as a function of saturation, 𝑺 
The analysis was generalized to allow the soil cohesion to increase from 2 to 10 
kPa based on values measured destructively on prepared samples (initial value) and 
cores samples (final value), respectively.  In soils with large amounts of clay content, 
cohesion increases as a function of time and decreasing water content (Kemper et al., 
1984).  The increase in cohesion was assumed to be exponential and is shown in Figure 
5.6.  
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Figure 5.6 Exponential increase in soil cohesion, 𝒄′ (kPa) as a function of time 
 Settlement analysis for the bare soil was conducted again using the time 
dependent soil cohesion shown above.  The predicted porosity, shown in Figure 5.7, is 
similar to Figure 5.4.  This is because the effect of the bulk modulus of the porespace 
was dominating over changes associated with the influence of cohesion on the bulk and 
shear moduli of the skeletal matrix.   
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Figure 5.7 Bare soil porosity, 𝒏 and volumetric moisture content, 𝜽 as a function of time 
Time dependent saturation was calculated by dividing the volumetric moisture 
content by the porosity (Figure 5.8).  The saturation was predicted to increase from 
0.9960 to 0.9985.  These values are high for soils.  Typically to achieve saturations 
over 0.99, soil must be stirred in water.  The value predicted was greater than the 
average saturation, 0.97, measured from the cores.  However, oven drying tests do not 
have the accuracy of measuring saturation to 0.001.   
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Figure 5.8 Bare soil saturation, 𝑺 as a function of time 
 For the second scenario, there was no settlement in the bare soil.  The change in 
velocity was solely due to an increase in soil cohesion.  The porosity was assumed to 
be constant at a measured value of 0.47.  With this constant porosity and the measured 
volumetric moisture content, the saturation (Figure 5.9) was less than 0.98.  In this 
saturation range, the velocity was not nearly as sensitive to changes in saturation 
(Figure 5.5).  The changes in p-wave velocity were no longer dominated by the bulk 
modulus of the porespace but are due to the bulk and shear moduli of the skeletal 
matrix.   
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Figure 5.9 Bare soil saturation, 𝑺 as a function of time 
 The increase in soil cohesion required to explain the change in velocity is 
shown in Figure 5.10.  The predicted soil cohesion approached 1 MPa, which was 
greater than 10 kPa measured on soil cores at the end of the experiment.  Minnesota 
Department of Transportation, Pavement Design, 2007 suggests for a saturated silty 
clay loam cohesions range from 10 to 20 kPa.  According to Hertz-Mindlin and Biot-
Gassmann theories, changes in p-wave velocity are proportional to the one-sixth power 
of changes in effective stress.  Since the contributions of the matric suction and 
overburden were 3 and 2 kPa, respectively, the required cohesion had to be large to 
increase the effective stress.   
0.88
0.9
0.92
0.94
0.96
0.98
1
Ju
l-1
4
A
u
g-1
4
Se
p
-1
4
O
ct-1
4
N
o
v-1
4
D
e
c-1
4
Jan
-1
5
Fe
b
-1
5
M
ar-1
5
A
p
r-1
5
M
ay-1
5
Ju
n
-1
5
Ju
l-1
5
A
u
g-1
5
Se
p
-1
5
O
ct-1
5
N
o
v-1
5
Sa
tu
ra
ti
o
n
, S
 
74 
 
 
Figure 5.10 Soil cohesion, 𝒄’ (kPa) as a function of time 
 In summary, the measured p-wave velocity of the soil can be modelled with soil 
saturation above 0.99 when the soil cohesion is low.  In this region, the p-wave 
velocity is very sensitive to small changes in saturation due to the stiffening of the bulk 
modulus of the porespace.  In case two, the change in velocity was modelled by an 
increase in soil cohesion associated an increase in effective stress.  The increase in bulk 
and shear moduli of the skeletal matrix accounts for the increase in p-wave velocity.  
Typically soil cohesion greater than 100 kPa is not reasonable, so there must be other 
phenomena occurring to affect the acoustic behavior of the soil, or the acoustic model 
cannot be used to relate cohesion to direct shear measurements 
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5.3 GRASS ROOT REINFORCED SOIL ANALYSIS 
To model the changes in acoustic behavior of the grass root reinforced soil 
quadrants, a similar approach was taken as in the bare soil.  As shown in Figure 5.2, the 
initial velocity values in the soil before sod was planted ranged from 170 to 220 m/s.  
The velocity in the bare soil was the highest.  This could be due to local heterogeneities 
of the quadrants such as compaction, patchy saturation, or other phenomena.  In order 
to account for the differences in initial velocities, the initial grass velocities were 
normalized to the initial value of the bare soil velocity (Figure 5.11).  This was done by 
adding the difference in initial grass velocities and initial bare soil velocity to the time 
dependent grass velocities.   
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Figure 5.11 Normalized p-wave velocities, 𝑽𝒑 (m/s) in each quadrant as a function of 
time 
 
The change in p-wave velocity was modelled by two cases.  The change in 
velocity was solely due to an increase in cohesion, and the change in velocity was due 
to settlement and an increase in cohesion.  For the first scenario, the change in velocity 
was attributed to an increase in soil and root cohesion; no settlement was considered.  
The total cohesion is shown in Figure 5.12.  The porosity was assumed to be constant 
at the measured value of 0.47.  The bare soil cohesion would be the same as the 
previous analysis, shown in Figure 5.10.  The total cohesion was calculated using Biot-
Gassmann, Hertz-Mindlin and Wu’s simple perpendicular root model.  The Common 
Bermuda total cohesion often is about the same magnitude of the bare soil cohesion.  
The velocities in the Forage Bermuda and Bahia were much higher than the bare soil 
and Common Bermuda.  In order to explain these large changes in velocities, the total 
cohesion had to approach 40000 kPa.  Again this is a consequence of the required 
effective stress in the Hertz-Mindlin and Biot Gassmann theories.  Typical values of 
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cohesion and shear strength of soils reinforced with grass roots range from 1 to 100 
kPa (Wu et al., 1979, Tengbeh, 1989, Operstein et al., 2000, Pollen et al., 2005, De 
Baets et al., 2008, Trung, 2012).   
 
Figure 5.12 Total cohesion, 𝒄 (kPa) as a function of time 
 Root cohesion (Figure 5.13) was calculated by subtracting the soil cohesion 
(Figure 5.10) from the total cohesion (Figure 5.12).  In early grass root development, 
the velocities of the grass reinforced soil were less than the velocity in the bare soil 
causing root cohesion to be negative.  This could have been caused by other changes in 
the soil before the grass roots penetrated to the depth of the transducers.  However, the 
negative values are within experimental error.  For this analysis the assumption was 
made that grass roots increase cohesion of the soil, so the negative root cohesion values 
were neglected.   
The root cohesions required to explain the acoustic measurements were much 
larger than the measured root cohesion of 1 kPa measured using the direct shear test.   
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The values were also outside the range of root cohesion, 1 to 100 kPa, commonly cited 
in the literature.  Like the previous analysis of the bare soil, if the cohesion was 
responsible for the changes in p-wave velocity, it was attributable to the bulk and shear 
modulus of the skeletal matrix.   
An explanation could have been the difference in scale of the measurements.  
The deformation of the soil during p-wave propagation is a small strain phenomenon 
on the order of microns.   Traditional direct shear test measurements involve large 
strain phenomena on the order of millimeters (Potts et al, 1987).  The two different 
approaches might be responsible for the differences in cohesion.   
 
Figure 5.13 Root cohesion, 𝒄𝒓 (kPa) as a function of time  
There are two ways roots fail during direct shear tests:  breakage and pull-out.  
Since the soil was practically saturated, the friction between the roots and the soil was 
less than it would have been in less saturated soil making the roots susceptible to root 
pull out.  The maximum tensile strength of the root was not achieved lowering the 
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measured cohesion from the direct shear tests.  P-wave propagation deforms the roots 
on such a small scale that pull-out or breakage is not likely.  It is more likely that the 
roots merely flex elastically.  The differences in the deformation associated with the 
two measurements might explain the differences in the cohesion values.   
 A simple perpendicular root model developed by Wu can be used to calculate 
the root cohesion of soils using the root area ratio and tensile strength of roots (𝑡𝑟) 
(Equation 2.15).  Upper and lower limits for the root tensile strength deduced from 
Cheng’s et al. (2003) power law relationship between tensile strength of roots and root 
diameter was shown in Figure 2.3.  For Bahia, the range of tensile strengths was from 
13000 to 25000 kPa, and for Bermuda the range was from 10000 to 17000 kPa.  The 
perpendicular root model and the range of tensile strengths were used to calculate a 
range of root area ratios from the modelled root cohesion and are shown in Figure 5.14.   
 
Figure 5.14 Root area ratio, 𝑹𝑨𝑹 (%) as a function of time 
 Root area ratios have been published by Operstein et al. (2000), Simon et al. 
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(2002), and De Baets et al. (2006) and typically range from 0.001 to 2.5 % although 
most values are less than 1 %.  The root area ratios calculated from the root density 
measured at the end of the experiment ranged from 0.7 to 3 %.  The acoustic related 
values were far greater than the measured or literature values.  In fact root area ratios 
greater than 100 % are not physical since the roots area would have to be greater than 
the area of the sample itself.   
 Using Equation 2.18, one can use root area ratio and root tissue density to 
predict root density.  Birouste’s et al. (2014) measured the average root tissue density 
from a field-community in shallow soil to be 315 kg/m³.  This average value was 
assumed to be the average root tissue density of the grass roots.  A range of predicted 
root densities are shown with the measured and literature values in Figure 5.15. 
 
Figure 5.15 Root density, 𝑹𝑫 (kg/m³) as a function of time 
According to the literature typical root densities are measured from 0.05 to 50 
kg/m³ (Gyssels et al., 2005, De Baets et al., 2006, De Baets et al., 2008).  Values 
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measured from root washing cores and drying the roots ranged from 2 to 10 kg/m³.  
The predicted root density for the Forage Bermuda and Bahia were greater than the 
values in the literature.  Again this was expected due to the large predicted cohesion.  
The root density in the Common Bermuda agreed with the measured and literature 
values.   
The second approach to model the acoustic velocity of the grass reinforced soil 
is to assume that the soil settled in the same manner as the bare soil.  With the same 
porosity and the measured moisture content, the saturation in the grass quadrants would 
also behave like the saturation in the bare soil (Figure 5.8).  The total cohesion for the 
grass reinforced soil is shown in Figure 5.16.   
 
Figure 5.16 Total cohesion, 𝒄 (kPa) as a function of time 
 The cohesion of the Common Bermuda behaved similarly to the bare soil 
cohesion.  The Bahia and Forage Bermuda cohesions increased up to 20000 and 25000 
kPa, respectively.  Attributing settlement changes in the bare soil did result in much 
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lower total cohesion values.  The soil cohesion was assumed to increase from 2 to 10 
kPa as shown in Figure 5.6.  The initial value was measured from prepared soil 
samples of the same soil, and the final value was measured from the bare soil core 
samples.  The root cohesion (Figure 5.17) was calculated as the difference in total 
(Figure 5.16) and soil cohesion (Figure 5.6). 
 
Figure 5.17 Root cohesion, 𝒄𝒓 (kPa) as a function of time 
 The root cohesion was very similar to the total cohesion since soil cohesion was 
assumed small.  Required root cohesion values in Figure 5.17 were less than what was 
calculated in Figure 5.13.  This was due to the high saturation increasing the 
incompressibility of the porespace, so less cohesion was required to explain the change 
in velocity.  The predicted root cohesion values were still greater than the range in the 
literature.   
Using Wu’s simple perpendicular root model and Cheng’s range of tensile 
strengths of roots, a range of root area ratios were predicted (Figure 5.18).  The 
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acoustic related values were far greater than the measured or literature values.  The 
calculated range of root area ratios for the Forage Bermuda grass was greater than 100 
% which is not physical.  The Common Bermuda root area ratio was less than 1 % 
which is typically found in the literature.   
 
Figure 5.18 Root area ratio, 𝑹𝑨𝑹 (%) as a function of time 
 Again using the same method used to generate Figure 5.15, a range of root 
densities were calculated from the range of root area ratios.  Like the previous figure, 
the Forage Bermuda and Bahia root densities were high with respect to the range in the 
literature (De Baets et al., 2006, De Baets et al., 2008).  The final Common Bermuda 
values agreed with the literature.   
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Figure 5.19 Root density, 𝑹𝑫 (kg/m³) as a function of time 
 There required root cohesion was modelled in two way:  the first model having 
constant porosity with no settlement and the second model having soil settlement.  
Incorporating the decrease in porosity in the Bahia quadrant raised the saturation above 
0.99 which lowered the required root cohesion by 20000 kPa.  The high saturation 
made the porespace less compressible which increased the velocity requiring less 
effective stress via cohesion.  A slight decrease in required cohesion was shown in the 
settlement case as a result of the velocity’s high sensitivity to saturation greater than 
0.99.   
The required root cohesion in the Bahia grass for each case is shown in Figure 
5.20.   For the case with no settlement the required root cohesion was about 35000 kPa.  
Including soil settlement decreased the required root cohesion to about 15000 kPa.  
This was due to the incompressibility of the porespace described above.   
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Figure 5.20 Bahia root cohesion, 𝒄𝒓 (kPa) as a function of time 
 For the Forage Bermuda, accounting for settlement lowered the required root 
cohesion by 20000 kPa.  This is shown in Figure 5.21.  Later in the experiment when 
saturation was approaching 1.0, the required root cohesion began to stay constant if not 
slightly decrease.   
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Figure 5.21 Forage Bermuda root cohesion, 𝒄𝒓 (kPa) as a function of time 
 The Common Bermuda required root cohesion was much smaller due to lower 
p-wave velocity (Figure 5.22).  Accounting for settlement, the final root cohesion 
predicted was in the range of values found in the literature, 1 to 100 kPa.  According to 
the p-wave analysis the roots were slow to develop until about March of 2015.  The 
difference between the root cohesion in the settlement case and no settlement case was 
about 500 kPa.  This was again due to the incompressibility of the porespace.   
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Figure 5.22 Common Bermuda root cohesion, 𝒄𝒓 (kPa) as a function of time 
 In summary, two cases were considered to model the acoustic velocity of the 
grass root reinforced soil.  In the first case porosity was assumed to be constant at the 
measured value of 0.47.  The lower saturation required very large cohesion, root area 
ratio and root density values, in order to explain the velocity.  In the second case 
settlement of the soil was considered and porosity was assumed to decrease with time.  
This lowered the cohesion, root area ratio, and root density required to explain the 
velocity.  However, values predicted for the Bahia and Forage Bermuda were large 
compared to the values measured using the direct shear tests and literature values.  
Common Bermuda values agreed with the measured and literature values. 
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CHAPTER VI:  CONCLUSION 
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 Watershed infrastructure provides flood management, fresh water, and soil 
conservation.  Grass has commonly been used to strengthen the surfaces of dams, 
slopes, and streambanks.  New technologies must be developed to monitor the 
performance of this valuable infrastructure.   
 In this laboratory experiment, three types of grass were planted with one bare 
soil quadrant as a control.  The grass roots were allowed to develop for about one year.  
P-wave velocity was measured throughout the experiment using bimorph transducers 
and a time of flight method.  Other time dependent measurements consisted of 
volumetric moisture content and matric suction.  After a year, soil core samples were 
taken from each quadrant.  Direct shear tests were conducted on the samples to 
measure cohesion and internal friction angle of the soil.  The samples were then dried 
to determine bulk density, dry density, gravitational moisture content, porosity, void 
ratio, and saturation.  Roots were washed from the samples to measure root density.   
 P-wave velocity ranged from 170 – 570 m/s and increased in all quadrants 
including the bare soil.  Velocity in two of the root reinforced soil increased up to 90% 
of the bare soil velocity.  Volumetric moisture content decreased from 0.45 – 0.43, and 
matric suction was constant at 3 kPa.  Direct shear measurements of soil cohesion was 
10 kPa on average, and root cohesion was about 1 kPa.  Measured internal friction 
angle ranged from 15 to 53°.  Average bulk and dry density from the core samples 
were 1800 and 1300 kg/m³, respectively.  Gravitational moisture content and saturation 
were 0.34 and 0.97, respectively.  Porosity and void ratio were 0.47 and 0.90, 
respectively.   
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 Several modelling approaches were attempted using Biot-Gassmann and Hertz-
Mindlin theories to explain the increase in p-wave velocity due to settlement and an 
increase in cohesion.  First the bare soil quadrant was analyzed assuming the soil 
cohesion was negligible.  The increase in p-wave velocity was solely ascribed to 
settlement, and therefore a reduction in porosity.  Since moisture content remained 
relatively constant as porosity decreased, the saturation increased.  When a soil is 
saturated above 0.99, the compressibility of the porespace has a stiffening effect on the 
soil, and the p-wave increases sharply.  In order to explain the increases in p-wave 
velocity of the bare soil, saturation had to be greater than 0.99.  The final measured 
porosity was 0.47, but the porosity required to explain the change in velocity was much 
closer to the final moisture content of 0.44.   
 A second modelling approach of the bare soil assumed that there was no 
settlement so that the porosity remained constant at 0.47.  The increase in p-wave 
velocity was ascribed to an increase in soil cohesion.  In the Hertz-Mindlin theory, the 
p-wave velocity is proportional to the one-sixth root of the effective stress.  This 
required a change in effective stress on the order of 101 − 104 kPa to explain the 
measured change in p-wave velocity.  Effective stress has three components:  
overburden, matric suction, and cohesion.  Measured overburden and matric suction 
were small and remained constant.  This required that the large increase in effective 
stress had to be due to an increase in cohesion.  The soil cohesion required to explain 
the change in velocity was 1000 kPa.  The final measured soil cohesion from direct 
shear tests was 10 kPa on average.  The change in velocity was due to the bulk and 
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shear moduli of the skeletal matrix in this model.  To explain the change in p-wave 
velocity in the bare soil, either porosity was required to decrease to 0.44 or soil 
cohesion was required to increase to 1000 kPa.   
 In this thesis, the assumption was made that root growth only affected the root 
cohesion.  The change in acoustic velocity in a grass reinforced soil may be due to 
changes in the soil as well as the influence of the roots.  From direct shear tests on root 
reinforced soil core samples, root cohesion was determined to be about 1 kPa.  Root 
density was measured to be 3.7 kg/m³ on average.   
For the first modelling approach in the grass quadrants, the porosity was 
assumed to be constant.  The root cohesion was modelled to explain the change in 
velocity.  P-wave propagation deforms the media on a much smaller scale than direct 
shear tests.  The required soil cohesion was 1000 kPa as in the bare soil case.  The 
required root cohesion to explain the change in velocity ranged from 500 – 40000 kPa.   
 Another attempt at modelling the increase in p-wave velocity was to account for 
the change in bare soil with settlement and the influence due to grass on an increase in 
cohesion.  The time dependent behavior of the porosity of the bare soil calculated in 
the first case was assumed to be the behavior of the porosity in all of the quadrants.  
Again the soil was saturated above 0.99, so the compressibility of the porespace had a 
stiffening effect on the soil and the p-wave.  The contribution of the bulk modulus of 
the porespace required much less cohesion to explain the change in velocity.  The root 
cohesion required to explain the change in velocity was much greater than the average 
root cohesion measured in the direct shear tests.  This suggests that cohesion predicted 
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from Biot-Gassmann and Hertz-Mindlin theory cannot be related to cohesion measured 
from direct shear tests.  The final Common Bermuda root cohesion was predicted to be 
within the range found in the literature, 1 – 100 kPa (Wu et al., 1979; Tengbeh, 1989; 
Operstein et al., 2000; Pollen et al., 2005; De Baets et al.; 2008, Trung, 2012).  To 
explain the changes in acoustic behavior of the soil, required porosity from the theory 
had to decrease to a value close to the moisture content, and root cohesion from the 
theory was required to increase up to 20000 kPa.   
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CHAPTER VII:  FUTURE WORK 
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 In future experiments, effort should be made to separate pore compressibility 
from cohesion.  When measuring p-wave velocity in saturated soils, the compressibility 
of the porespace can dramatically affect velocity.  Shear wave velocity should be 
measured to observe the shear modulus behavior of the skeletal matrix.  This allows a 
measurement without the influence of the bulk modulus of the porespace.   
Another way to reduce the effect of the pore compressibility would be to lower 
the saturation.  Draining the water from the soil could replicate a wider range of field 
conditions on embankments or earthen dams.  This would result in a lower saturation 
and would minimize the effect of the compressibility of the porespace.  This would 
also increase the effect of matric suction on effective stress.   
Alternate porous media models should be explored.  Biot-Gassmann and Hertz-
Mindlin put emphasis on effective stress and the heterogeneity of saturation in soils.  P-
wave velocity is proportional to the one-sixth root of effective stress.  Patchy saturation 
is an alternative model that could be used.     
Another method to independently measure cohesion should be considered.  P-
wave propagation is a small scale phenomena on the order of microns, and direct shear 
tests are large scale phenomena on the order of millimeters.  P-waves cause elastic 
deformations of the soil, and direct shear tests cause plastic deformation of the soil.  
During deformation of the roots due to p-wave, roots will not pull-out or break, and 
during direct shear tests, roots can pull-out and break.  A metal wedge method used by 
soil scientists could be a better alternative.   
Alternate root reinforcement models should also be explored.  Wu’s simple 
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perpendicular root model has been known to overestimate root cohesion in grasses up 
to 100% (De Baets et al., 2008).  The fiber bundle root model (Pollen and Simon, 
2005) could be a more accurate model for this experimental design.   
Assumptions in this thesis on the effect of root reinforcement on soil should be 
relaxed.  Roots could possibly affect the porosity of soil by increasing or decreasing the 
porespace.  The porespace could be increased by roots pushing particles apart or 
decreased by filling voids.  Root tissue density could increase or decrease the bulk 
density by filling air voids or pulling water from the soil, respectively.  Internal friction 
angle of the soil might also be affected by the friction on the surface of the root.   
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9.1.1 Geotechnical Engineering 
 There has been an increased interest in soil erodibility in the last three decades 
(Pollen et al., 2005).  Field and laboratory methods have been developed to study soil 
erodibility.  Models have also been constructed to predict erosion.  The dominant 
parameters contributing to soil erodibility are the erodibility coefficient and the critical 
shear stress.  The erodibility coefficient describes the rate of erosion due to hydraulic 
stress on the soil, and the critical shear stress is the shear stress applied to the soil to 
initiate erosion.  A literature review presents a chronological history of research on 
geotechnical engineering properties that relate to soil erodibility and near surface 
phenomena.     
 The review begins with the research of Van Genutchen (1980) that described a 
relatively simple equation from the soil-water content-pressure head curve.  The 
equation enables one to derive closed form analytical expressions for the relative 
hydraulic conductivity when substituted in the predictive conductivity models of N. T. 
Burdine or Y. Mualem (Burdine, 1953, Mualem, 1976).  The expressions for relative 
hydraulic conductivity as a function of pressure head contain three independent 
parameters which can be obtained by fitting a soil-water retention model to 
experimental data.  The unsaturated hydraulic conductivity is predicted well with the 
closed-form analytical expressions for four out of five cases with a wide range of 
hydraulic properties (van Genutchen, 1980).   
 Later Shaikh (1988) observed a slightly different phenomena of the erosion rate 
of dispersive clays and nondispersive clays by placing samples in a flume with flowing 
water.  The samples were compacted to near optimum water content and then subjected 
to flowing water.  The stress on the samples ranged from 1.67-12.9 Pa.  The 
nondispersive clays had erosion rates that were two orders of magnitude greater than 
the dispersive clays’.  Empirical equations were then developed to estimate the erosion 
rate of compacted unsaturated clays as a function of sodium adsorption and tractive 
stress (Shaikh et al., 1988).   
 The next year G. R. Powledge (1989) continued research on surface erodibility 
during overflow and published a tow part report.  The mechanics of overflow on 
embankments were researched, or how overtopping erosion affects embankments for 
dams, levees, roadways, etc.  The overflow rates were based on probable maximum 
flood events.  Several types of tests were conducted: a small geotechnical centrifuge 
model, a full-scale hydraulic flume, and hydraulic field trials.  The experiments were 
performed on several different surfaces including grass, geotextiles, gabions, riprap, 
cellular concrete blocks and soil cement.  The study concluded that overtopping flow is 
a multivariable and multidisciplinary problem, and more tests should be conducted 
(Powledge et al., 1989) 
In 1991, a jet erosion test (JET) was developed by Hanson to characterize erosion 
resistance on spillways.  The erodibility of the soil is characterized by the critical shear 
stress and the erodibilty coefficient.  The critical shear stress is the minimum stress that 
must be applied to a soil for erosion to take place.  The erodibility coefficient describes 
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the rate of erosion due to hydraulic stresses in excess of the critical stress.  During a JET, 
a submerged soil sample is impinged by a water jet at a constant head.  Scour depth of 
the sample is measured as a function of time until an equilibrium depth is reached.  The 
equilibrium depth is where the stress (i.e. critical stress) from the jet is no longer able to 
erode the soil sample.  In most cases the test is terminated before the erosion ends and 
the equilibrium depth must be estimated using an analysis of the scour depth versus time 
plot.  The critical shear stress is determined based on the equilibrium scour depth.  The 
erodibility coefficient is determined based on an analysis of the measured scour depth 
versus time and the critical shear stress.  The JET has been designed and tested for 
measuring erodibility on laboratory samples and in the field (Hanson, 1991). 
Hanson (1993) continued to test soils over a range of dry unit weights and 
moisture contents.  Moisture content at the time of compaction had a significant 
influence on soil erosion resistance.  When water content was kept constant and dry 
unit weight increased, the soil’s erosion resistance increased (Hanson et al., 1993).  In 
1994 D. M. Temple with Hanson utilized both field and laboratory data to improve the 
criteria for design and analysis of emergency spillways.  The failure was broken down 
into three phases, vegetal cover failure, concentrated flow erosion, and headcut 
advance.  A computational procedure was developed to estimate the time of headcut 
formation given flow and channel surface conditions (Temple et al., 1994).   
 Two years later Hanson (1996) investigated the effect of soil strength and 
stress-strain on erosion resistance.  Cone penetrometer, pocket penetrometer, 
unconfined compressive strength (UCS) and stress-strain measurements were obtained 
as a function of compaction, water content and dry unit weight.  The results revealed 
soil strength was not a good indicator of erosion resistance.  Stress-strain 
characteristics, on the other hand, appeared to have potential to provide useful data on 
erosion resistance (Hanson, 1996).   
Years later another apparatus was built to observe erosion of a different type.  
The erosion function apparatus (EFA) designed by Briaud et al. (2001) is a method used 
to predict erosion rates of fine-grained soils, specifically at bridges.  A Shelby tube 
sample is fitted into the wall of a rectangular pipe.  Water flows through the pipe and 
erodes the top of the sample.  The erosion rate is measured as the decrease in height of 
the sample eroded per time.  Different shear stresses are applied to the sample by varying 
the flow rate.  The results are plots of erosion rate versus shear stress and/or erosion rate 
versus flow velocity.  The end parameters are the critical shear stress, or the stress at 
which the sample begins to erode, and the rate of erosion after that critical stress has 
been surpassed.   The parameters are used to predict the rate of scour at a bridge and 
have been adapted to overtopping erosion rates (Briaud et al., 2001).   
 Back to Hanson’s et al. (2002) JET, earthen embankments three meters high 
were constructed into channels and tested for overtopping erosion resistance.  Two 
channels were vegetated and two were not.  Water surface, bed and velocity profiles 
and predicted hydraulic stresses are compared.  The non-vegetative did not run as long 
as the vegetative embankments.  The non-vegetative channel erosion rates were 25 and 
50 times greater than the vegetative channel’s rates.  Erosion progressed into stair-
stepped overfalls.  JET analysis tests on laboratory samples showed that erosion 
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resistance varied up to three orders of magnitude due to variations of compaction, 
saturation and density.  Excess stress parameters, erodibility coefficient and critical 
stress were predicted (Hanson et al., 2002). 
The same year two other tests were developed to study internal erosion.  The 
Hole Erosion Test (HET) and the Slot Erosion Test (SET) are laboratory tests developed 
by Wan and Fell (2002) to study erosion characteristics of soil associated with cracks in 
earthen dams.  Results of these tests are used to predict rates of erosion and critical 
hydraulic shear stress required to initiate piping erosion.  For the HET, a soil sample is 
compacted into a standard mold used for the standard compaction test.  A six millimeter 
diameter hole is drilled through the sample to simulate a concentrated leak.  The sample 
is submerged and subjected to water flow.  Shear stress is calculated as a function of the 
eroding fluid density, hydraulic gradient across the sample, and diameter of the hole.  
The flow rate is used as an indirect measurement of the diameter of the hole.  Erosion 
rate per unit surface area of the hole is calculated using the dry density of the soil and the 
hole diameter.  Erosion rate per surface area is plotted against the hydraulic shear stress.  
The slope of a best fit straight line on the rising portion of this plot gives a coefficient of 
soil erosion per width eroded in the pipe (Wan and Fell, 2004).   
The SET developed by Wan and Fell (2004) is similar to the HET, but the soil 
sample is much larger.  A pre-formed slot 2.2 mm wide x 10 mm deep is built along the 
side wall of the sample instead of a circular hole.  A fluid is passed through the sample to 
initiate erosion.  The widening of the slot due to erosion is measured during the test.  
Estimation of the coefficient of soil erosion is calculated with a process similar to the one 
discusses in the HET section above.  The coefficient of soil erosion may be used to 
predict the initiation and progression of internal erosion (Wan and Fell, 2004).   
 Focusing more on soil water to particle interaction under various stresses and 
saturations, Lu and Likos (2006) presented the concept of the suction stress characteristic 
curve (SSCC) for unsaturated soil.  Analyses on the particle-scale were employed to 
distinguish three types of interparticle forces:  active forces in the soil grains, active 
forces at or near interparticle contacts, and passive, counterbalancing forces at or near 
interparticle contacts.  The second type of force includes physicochemical, cementation, 
surface tension, and negative pore-water pressure forces and can be combined into a 
macroscopic stress called suction stress.  Suction stress depends on degree of saturation, 
water content, and matric suction.  The SSCC parallels with well-established concepts of 
the soil-water characteristic curve (SWCC) and hydraulic conductivity function for 
unsaturated soils.  The behavior of the SSCC is validated with a variety of soil types in 
the literature.  The experimental evidence shows that both Mohr-Coulomb failure and 
critical state failure can be well represented by the SSCC concept (Lu and Likos, 2006).   
 Back to erodibility research Hanson et al. (2007) studied the effect compaction 
has on erodibility of soils.  Samples were compacted with different water contents and 
compaction efforts.  The JET was used to quantify erodibility.  Erodibility varied up to 
six orders of magnitude dependent on soil gradation, plasticity, water content and 
compaction effort.  Soil texture and plasticity are prominent factors in erosion 
resistance, as much or more than compaction.  Preparing soil to optimum water content 
and making higher compaction efforts were noticed to increase erosion resistance 
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(Hanson et al., 2007).   
 After Hurricane Katrina in 2005 the quantity of research on levee erosion was 
increased.  The erosion function has been developed by Briaud (2005) as the 
relationship between erosion rate per time and the shear stress developed by water at 
the water-soil contact.  The erosion function is the parameter given from the EFA test.  
23 samples were collected from 11 locations at the surface of levees around New 
Orleans, Louisiana.  A large range of erosion resistance was measured, some eroding 
completely and some resisting well.  Numerical simulations were performed for the 
distribution of velocity vectors during an overtopping event and for shear stresses at the 
soil-water interface.  The simulations support the results of the EFA tests (Briaud et al., 
2008).  A case history was written by Seed et al. (2008) about New Orleans and the 
2005 Hurricane Katrina event with emphasis on geotechnical lessons learned.  The 
importance of including erodibility and foundation soils in levee design and 
construction was discussed (Seed et al., 2008).   
 Using 18 case histories, Bonelli et al. (2010) inferred the coefficient of erosion 
and erosion rate.  A coefficient of piping erosion was developed to estimate the time to 
failure and flood of earthen dams.  The HET was used to estimate a priori the 
coefficient of piping erosion.  The radius evolution of the pipe followed a scaling law 
between critical stress and time of piping erosion, which were a function of the initial 
hydraulic gradient and the coefficient of erosion.  The time of failure and peak flow 
were related to the coefficient of erosion and the maximum pipe diameter before 
breaching (Bonelli et al., 2010).   
 Two years later Benahmed et al. (2012) also used HET to classify soil 
erodibility.  Benahmed carried out HET on cohesive soils to classify critical shear 
stress and the coefficients of erosion.  The parameters that proved to play a key role in 
internal erosion are compaction energy, moisture content, degree of saturation and the 
percentage of fines (Benahmed et al., 2012).  A new approach by Marot et al. (2001) 
was taken to consider fluid energy dissipation and the eroded mass for interpreting 
HET and JET.  Different fine-grained soils were tested with varying erodibility.  
Erosion coefficient and average critical shear stress values were different for each test.  
Based on energy, an erosion resistance index was determined for both tests.  Values of 
erosion resistance index were roughly the same for each apparatus and soil type.  A 
single classification of soil erodibility was obtained (Marot et al., 2011).   
 Unlike Marot’s fluid energy dissipation approach, Egwuonwu et al. (2012) 
investigated soil strength indices and stress-strain characteristics as potential indicators 
of erosion resistance in two compacted soils, a sandy clay loam, and a clay loam.  
Unconfined compressive strength (UCS) and stress-strain measurements as a function 
of moisture content and dry density were measured under varied applied loads.  Initial 
soil strength alone was not a good indicator of erosion resistance.  Strength and stress-
strain characteristics were roughly inversely related to dry unit weight.  The exponents 
of moisture content and dry unit weight for erosion resistance index, failure strain and 
the area under the failed stress-strain curve are opposite in signs.  Results reveal if 
there is potential for an inverse relationship (Egwuonwu et al., 2012).   
 The same year Gao et al. (2012) studied the relationship between UCS, 
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penetrometer resistance and matric suction.  Penetrometers can be used to measure the 
resistance of soil to root elongation.  A function by Gao et al. (2012) was developed to 
estimate penetrometer resistance from soil compression characteristics.  Five soils 
greater than -30 kPa matric suction and ranging from 30 to 1000 kPa in UCS were 
measured with a penetrometer to get soil resistance.  Soil compression varied with 
texture, organic matter, and initial water content.  Penetrometer resistance increased 
with decreasing void ratio (Gao et al., 2012). 
 Also regarding to varying matric suction, Song et al. (2012) estimated and 
compared suction stress between sand and silt.  Water content and matric suction were 
examined using an automated SWCC apparatus based on the axis translation technique.  
Using the van Genutchen model SWCCs were estimated.  The water content of silt was 
higher than sand at equal matric suctions.  SSCCs were then estimated using the fitting 
SWCC parameters according to the method proposed by Lu and Likos (2006).  The 
SSCC were different for sand and silt and significantly depended on pore size and pore 
size distribution.  The suction stress showed rapid variation with change in matric 
suction for sand, but approached a constant value as matric suction increased for silt 
(Song et al., 2012).   
 The matric suction of soil depends on the soil moisture content, size of the 
pores, surface properties of the particles, and surface tension of the water (Whalley et 
al., 2013).  The relationship of matric suction and moisture content was reviewed.  
Historically moisture content has been given much more attention than matric suction.  
Matric suction can be a very useful property for civil and agricultural engineers.  The 
limitations and opportunities of methods to study matric suction were discussed as well 
as possible improvements to the equipment used (Whalley et al., 2013).   
 
9.1.2 Root Reinforcement of Soils 
 Soils with under vegetation have been more resistant to soil erosion compared 
to bare soils (Pollen et al., 2005).  Much research has been done to quantify the 
increase in slope stability due to riparian root reinforcement on stream banks.  The 
roots add tensile strength to resist erosion of the soil which in turn increases the soil’s 
shear strength(𝜏). Within the past 20 years work has been published to quantify the 
increase in shear strength of soils due to grass roots (𝜏𝑟).  Models below utilize the 
tensile strength of roots (𝑡𝑟), the root area ratio(𝑅𝐴𝑅), and the root density (𝑅𝐷) to 
predict the increase in shear strength and cohesion (𝑐) of soils.  A chronological review 
of the literature pertaining to the effect of roots on soil will be discussed.    
This area of research began to get some attention when Wu et al. (1979) 
investigated the stability of slopes before and after removal of forest cover.  A simple 
perpendicular root model of the soil-root system was developed to evaluate the 
contribution of tree roots to shear strength of soils or cohesion due to roots (𝑐𝑟).  The 
tensile strength of tree roots per unit area and the angle of shear distortion (𝜃) are 
shown in Figure 2.2.   
The tensile strength of tree roots is weighted by the RAR which is the area of 
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the roots divided by the total area of the sample. The internal friction angle of the soil 
is denoted by 𝜙.   
 𝑐𝑟 = 𝑡𝑟𝑅𝐴𝑅(𝑠𝑖𝑛𝜃 + 𝑐𝑜𝑠𝜃𝑡𝑎𝑛𝜙)  
Shear strength of the reinforced soil and tensile strength of roots were 
measured.  A power law relationship was then established between the root diameter 
and the root’s tensile strength  
 𝑡𝑟 = 𝑎𝑑𝑟
−𝑏
  
 The values of the cohesion due to roots computed from Equation 8.1 showed 
small variation with a range of the shear distortion angle and internal friction angle.  
The term in parentheses was therefore assumed to be a constant of 1.2 giving the 
simplified Equation 2.15 (Wu, 1979). 
 𝑐𝑟 = 1.2𝑡𝑟𝑅𝐴𝑅  
 In light of Wu’s simple perpendicular model, Gray et al. (1983) conducted 
direct shear tests on dry sand reinforced with different fibers.  The results showed that 
fiber reinforcement increased the peak shear strength and limited post peak reductions 
in shear resistance.  A model was developed that predicts the influence of sand-fibers 
on shear strength.  The concentration of fibers or RAR is directly proportional to the 
shear strength increase.  Fiber orientation of 60° was most effective in increasing shear 
strength.  Loose and dense states of the sand had similar effect on shear strength.   
 Years later Tengbeh (1989) conducted research on the effect of grass cover on 
bank erosion.  Instead of using root area ratio to quantify the presence of roots, root 
density was used.  Root density is the mass of dried roots divided by the volume of the 
soil-root matrix.  The root density method is much more accurate when dealing with 
grass roots that are on the order of tenths of millimeters.  Root density was related to 
cohesion of soil-root matrices in a clay soil using a logarithmic relationship.  The root 
densities were compared to vane shearing strength and moisture content.  A 
relationship between torsional box shearing strength and cohesion was developed at 
varied root densities.  Other relationships established are between shoot density, root 
density, flow hydraulics, and scour resistance.  The effect of shear strength due to grass 
roots on channel bank stability against slumping was observed (Tengbeh, 1989).   
  Again in 1991 Gray et al. (1991) studied the effects of fibers in sand on shear 
strength of soils.  Instead of laboratory tests, insitu tests were performed on vegetated 
sandy channel levees.  A profile wall method and other techniques were used to 
determine the distribution and concentration of roots (particularly woody vegetation) 
and biopores in levee structures.  Grass and herbaceous ground cover provided large 
amounts of roots at depths less than six inches.  Vegetation appeared to be effective in 
preventing shallow sloughing and surface raveling.  The plant roots reinforced the soil 
and increased the shear strength of the surface layers (Grayet al., 1991).   
 Focusing strictly on the characteristics of roots, Lavender (1992) studied the 
genotypic variation of root systems of Betula pendula.  Shoot variation of three root 
types, fine, woody, non-woody were assessed.  The analysis consisted of measuring dry 
weights, lengths and various other ratios.  For fine roots a good linear relationship 
between length and dry weight was established.  The relationship makes it possible to 
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estimate root length from dry weight of roots (Lavender, 1992).   
 To get the bigger picture, Gray et al. (1995) discussed the basic principles of 
biotechnical stabilization and reviewed a case study of a repair to an unstable cut slope 
along a highway in Massachusetts.  A stability analysis was performed.  With 
environmental and scenic consideration, a composite, drained rock and earthen 
brushlayer fill was used.  Biotechnical stabilization provided a satisfactory and cost 
effective solution.  The treated slope has remained stable and blends naturally with its 
surroundings (Grayet al., 1995).   
 Years later more research was published on the effect of roots on slope stability.  
Operstein et al. (2000) investigated the influence of plant roots on the stability of 
slopes.  The study described the determination of additional shear strength contributed 
to soil by roots.  Three tests were conducted:  tension tests on roots, pull-out tests of 
roots from the soil and direct shear tests on soil and root-reinforced soil.  Alfalfa, 
rosemary, Pistacia lentiscus, Meoporum parvifolium and Cistus were tested in chalky 
soil.  Like Pollen et al. (2005) Operstein et al. (2000) noticed that Wu’s simple 
perpendicular root model overestimates cohesion due to roots.  A liner relationship was 
then established between the increase in cohesion and the relative root tensile strength 
(Operstein et al., 2000).   
 A similar experiment conducted by Yarborough (2000) explored channel bank 
stability in attempt to quantify the effects of riparian vegetation and tree root 
reinforcement of the soil matrix.  Unlike past research, the experiment was on tensile 
failure of silt-rich banks instead of slumping or sliding failures.  Models from Wu et 
al., Gray, and Sotir were evaluated.  Tensile strength in soil increased up to 245 kPa 
due to tree root reinforcement.  Fast Lagrangian Analysis of Continua (FLAC) model 
was employed to show contrast in stability of a tree root reinforced slope and an 
unreinforced slope.  The slope in the simulation was completely stable if the tree root 
reinforcement was set to 20 kPa (Yarborough, 2000).   
 Cheng et al. (2003) studied the mechanic function of soil reinforcement by 
herbaceous root systems but was only focused on tensile strength of herbaceous roots.  
An experimental comparison of the mechanics of soil-reinforcement of various herb 
roots was conducted.  The comparison showed that various roots have different tensile 
strengths.  Vetiver grass, common Centipede grass, White Clover, Late Juncellus, 
Dallis grass, Bahia grass, Manila grass and Bermuda grass were tested.  The difference 
in tensile strengths is concerned with the gene variety and tissue structure of the 
various roots (Cheng et al., 2003).   
 Two years later Pollen and Simon (2005) noticed that as a soil-root matrix 
shears, the roots within the soil have different strengths and break progressively.  The 
phenomena are associated with a redistribution of stresses.  Progressive failure is well 
described by a fiber bundle model from material science.  The fiber bundle root model 
was applied to 12 riparian species (particularly woody vegetation).  The root 
reinforcement estimates were compared against direct shear test with root-permeated 
and non- root-permeated samples.  Wu’s simple perpendicular root model 
overestimated root reinforcement up to 50% in tests where all roots broke.  Wu’s 
model overestimated root reinforcement by an order of magnitude in tests where forces 
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did not exceed root strength (Pollen and Simon, 2005). 
 After Pollen and Simon’s critique of Wu’s simple perpendicular root model, De 
Baets et al. (2006) investigated the impact of root density and root length density of 
grass on the erodibility of root-permeated saturated top soils.  Soil samples of varying 
root density were subjected to concentrated flow using a hydraulic flume.  Root 
density, root length density, relative soil detachment rates, mean flow shear stresses 
and other properties were measured.  The results indicated a negative exponential 
relation between the relative soil detachment rate and root density as well as root 
length density, independent of the applied flow shear stresses.  Comparing the effects 
of vegetative cover on sheet and rill erosion rates and the effect of root area ratio of 
grass roots on relative soil detachment rates revealed that grass roots are very effective 
in reducing soil detachment rates.   
De Baets et al. (2006) did not measure the root area ratio directly but calculated 
it using root length density (𝑅𝐿𝐷) and the mean cross-sectional area of a single root 
(𝑅𝐶𝑆𝐴).  
 𝑅𝐴𝑅 = 𝑅𝐿𝐷 × 𝑅𝐶𝑆𝐴   
 Root length density is the length of the root (𝐿𝑅) divided by the volume of root 
permeated soil (𝑉) (De Bates et al., 2006).   
 𝑅𝐿𝐷 =
𝐿𝑅
𝑉
  
 De Baets et al. (2008) assessed the root reinforcement effect of 25 
Mediterranean matorral species using Wu’s simple perpendicular root model.  The 
power root tensile strength-root diameter relationships were determined.  Wu’s model 
was modified for a silt loam (𝜙=25°) with a fixed angle of shear distortion (𝜃=45°).  
Pollen and Simon showed that Wu’s simple perpendicular model overestimates root 
reinforcement in grasses up to 100% compared to the fiber bundle model RipRoot.  A 
reduction factor was added to account for the overestimation.  (De Baets et al., 2008). 
 𝑐𝑟 = 0.5𝑡𝑟𝑅𝐴𝑅  
 On a slightly different topic, Corriher et al. (2009) states fertility of grass is a 
very important factor in Forage production, yield, and persistence.  Nitrogen is 
commonly the limiting factor, but phosphorous and potassium are also necessary.  Lack 
of nitrogen will produce low protein levels.  Potassium levels must be monitored to 
prevent reduced yields, poor stands, and winter-kill.  Phosphorous helps the plant’s 
root growth and development (Corriher et al., 2009).   
 Back to the effect of roots on soils, Gregory et al. (2010) conducted a study to 
explore the effect of roots of Forage grasses on hydraulic properties.  Six different 
grasses were used.  Tension infiltration measurements gave hydraulic properties and 
structure for two seasons.  Shrinkage, water repellence, and water release 
characteristics were measured from soil samples.  Tension infiltration measurements 
were made on fallow soil, permanent grassland and arable land for a long-term 
experiment.  The data showed that the saturated hydraulic conductivity of the capillary 
matrix sown with grass is dependent on grass species.  The pore size was affected by 
the grass.  Grasslands showed evidence of macropore structure while the fallow did 
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not.  In conclusion changes in soil structure were most likely due to shrinkage of soil 
particles and subsequent soil stress relaxation (Gregory et al., 2010).   
 The same year Hubble et al. (2010) presented a review of field and 
experimental studies that evaluate native vegetation’s role in mass failure of riverbanks 
in eastern Australia.  The presence of riparian forest on riverbanks reduces the 
likelihood of erosion by mass failure.  The RAR method, Waldron’s approach, and 
Wu’s simple perpendicular root model lead to significant overestimation of the actual 
tree root-reinforcement.  The overestimation is due to breakage and pull-out of tapered 
tree roots that have narrower roots below the shear plane.  The roots do not achieve full 
tensile strength calculated on the basis of tree root diameter at the shear plane.  The 
overestimation is also due to the fact that soil mass fails progressively along the length 
of the shear plane and not instantaneously (Hubble et al., 2010).   
 A couple years later Trung (2012) conducted a similar experiment but with 
grass roots on levees.  A study was done to characterize roots of some grass species on 
sea dikes in Vietnam.  Samples of grass root distributions with depth were taken by 
measuring grass root volume, weight, and number.  Grass root number ratio was 
chosen to be more accurate than the traditional RAR.  Root tensile strength tests were 
conducted for each grass type.  The additional cohesion in the soil due to grass roots 
was calculated and compared to values obtained from direct shear tests (Trung,  2012).   
 Similarly Chen et al. (2015) characterized how a soil-root system under a 
Bermuda grass community responded to environmental changes and effects of the soil-
root system on shallow soil conservation and riverbank reinforcement through field 
investigation and laboratory tests.  Plants were sampled randomly to measure spatial 
structure and tensile strength of roots.  Laboratory tests were conducted on soil-root 
systems and control soil to measure soil erosion resistance, soil scour resistance, and 
shear strength.  The Bermuda grass roots increased soil erosion resistance, soil scour 
resistance, and shear strength.  The grass root reinforcement enhanced the stability of 
shallow soil and the riverbank (Chen et al., 2015).   
 
9.1.3 Acoustics of Soils 
 Acoustic waves have been utilized to evaluate and monitor ongoing internal 
changes of soil properties (Sabateir et al., 1996, Shields et al., 2000, Lu et al., 2004, 
Hickey et al., 2009).  Acoustic waves, or elastic stress waves, traveling through the soil 
interact with soil particles and interstitial fluids.  The acoustic response of the soil is 
affected by soil texture, structure, and variations in soil properties.  Acoustic wave 
propagation through soils is a small strain phenomenon that introduces a small 
perturbation without altering the fabric of soils (Lu et al., 2009).  Therefore acoustic 
parameters are constant-fabric characteristics and can be used to evaluate and monitor 
ongoing internal changes of soil properties.  A chronological literature review of 
acoustic methods used in near-surface soils to predict soil properties will be discussed  
 Early research was conducted by Brutsaert et al. (1964) to measure the response 
of sound speed in soil as a function of moisture content.  Electronic equipment was 
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designed to emit and receive ultrasonic pulses in unsaturated soil at shallow depths.  
Degree of saturation was plotted against capillary suction to show multiple drying 
cycles of the soil.  The values were then compared to sound speed.  The test was 
conducted in sand and silt loam.  For both soil types the sound velocity increased as a 
function of capillary suction and decreased as a function of saturation.  Even with 
greater soil capillary suction in the silt loam, the velocities in the sand were shown to 
be higher (Brutsaert et al.,1964).   
 Arnott et al. (1990) measured acoustic to seismic coupling using a laser-doppler 
vibrometer (LDV).  Acoustic to seismic coupling is the transfer of atmospheric sound 
waves into poroelastic ground to excite ground motion (Arnott et al., 1990).  The 
results using the LDV were compatible with results using geophones.  Hess et al. 
(1990) conducted studies to characterize the ground by short-propagation 
measurements.  Three properties were extracted: porosity, effective flow resistance, 
and tortuosity (Hess et al., 1990).  Sabatier et al. (1990) also assessed the feasibility of 
using acoustic techniques such as acoustic reflection and transmission to characterize 
near-surface soil properties.  The goal was to obtain surface air porosity (porosity 
minus volumetric water content), air permeability, and pore structure up to several 
centimeters deep.  The air porosity obtained from acoustic reflection and transmission 
was within ten percent of the values gathered from gravimetric techniques (Sabatier et 
al., 1990).   
 Sabatier et al. (1996) also states that acoustic wave reflection and transmission, 
coupling and propagation through rough soils depends on air-porosity, pore tortuosity, 
air permeability, shape, size and packing density of the roughness elements, soil matrix 
elastic moduli, and bulk density.  At The University of Mississippi National Center for 
Physical Acoustics (NCPA) the phenomena have been exploited in agricultural soils.  
The goal of the research is to be able to review and possibly produce in-situ images of 
the properties at a depth less than one meter.  Acoustic attenuation was seen to be 
strongly dependent on contact strength between soil grains.  Wave speed was more 
affected by soil compaction and shear moduli (Sabatier et al., 1996).   
 Two years late Berkenhagen et al. (1998) conducted investigations to clearly 
show that acoustic techniques are capable of measuring soil physical properties in-situ 
with minimal disturbance to the soil.  A study was conducted to observe the sensitivity 
of seismic compressional waves to monitor structural and mechanical changes in soil.  
Clay was subjected to a wetting-drying cycle over a few months while acoustic 
measurements were taken.  Large changes in mechanical and structural properties were 
noticed with changes in wave velocity and attenuation (Berkenhagen et al., 1998). 
 Instead of wetting and drying cycles, Shields et al. (2000) measured 
compressional and shear wave velocities in unconsolidated granular media as a 
function of water vapor content.  The granular media chosen were two kinds of glass 
beads and Ottawa sand.  Vapor had minimal effect on wave speed in the sand and glass 
beads made of titanium and barium oxides.  Wave speeds in sodium oxide glass beads 
doubled with introduction of vapor pressure.  The assumption was made that there was 
a chemical reaction that occurred between the lime glass and the water that formed a 
gel that in turn increased the velocity of the waves (Shields et al., 2000).  
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Compressional and shear waves were then measured by Velea (2000) in Ottawa sand in 
for a different experiment.  The sand was placed in a cylindrical tank and velocities 
were measured horizontally as a function of depth while the zero tension level of water 
was raised.  In the dry sand, velocities varied nonuniformly with depth with the 
maximum value occurring at about 2/3 the way to the bottom of the tank.  After water 
was added to the bottom of the tank, the nonuniform depth dependence was removed.  
Velocities decreased at higher saturations until the zero tension level reached the top of 
the sand.  The assumption was made that the nonuniform depth dependence in the dry 
sand was due to the tank wall supporting part of the gravitational stress in the sand.  In 
conclusion the water-grain contact had little effect on the normal contact stiffness, but 
the water did reduce tangential contact stiffness to zero (Velea, 2000).   
 Like the previous two studies, Flammer et al. (2001) studied how water affects 
acoustic velocities, specifically how acoustics can be used to investigate transient and 
presumably heterogeneous water infiltration into and redistribution within soils.  
Spatial and temporal scale of pulse transmission through soils was measured.  Using a 
ten kilohertz pulse with 50 mm wavelength, travel velocities were observed.  Velocities 
and absorption rates behaved as expected with soil moisture variations, but the 
temporal reaction patterns differed considerably (Flammer et al., 2001).   
 Acoustics can also be used to predict surface roughness.  Chambers et al. 
(2002) used acoustics to characterize surface roughness in agricultural settings.  Sound 
propagation attenuates more rapidly in soil than in free space due to absorption.  Rough 
surfaces have been known to have different attenuation phenomenon.  Effective 
impedance or reflection coefficient had been used to quantify surface roughness.  
Experimental data and modeling results were presented over a variety of soil surfaces: 
impermeable, loosely packed, low sloped perturbations and steeply sloped wedges 
(Chambers et al., 2002).   
 Like Chambers, Oelze et al. (2003) measured surface roughness with acoustic 
backscatter.  Four soil plots were constructed with variation in roughness.  Acoustic 
backscatter and a laser microreliefmeter were used to measure the roughness power 
spectra of the surfaces.  Both methods were in agreement for estimating surface 
roughness.  The technique has the potential to evaluate the statistical properties quickly 
and inexpensively (Oelze et al., 2003).   
 The next year Blum et al. (2004) measured the spatial and temporal variations 
of soil water in a column using acoustic pulses emitted from transducers to form a 2D 
acoustic tomography.  Water content was measured with a time domain reflectometer 
(TDR).  Acoustic pulse travel times were converted into velocities distributions and 
then into water content distributions for two experiments.  The preferential flow paths 
were moved between the two experiments (Blum et al., 2004). 
 Instead of predicting variations in soil water, Lu et al. (2004) measured acoustic 
velocity in a triaxial cell with varying compactions.  Two air dried remolded soils and 
an undisturbed field sample were tested.  Acoustic velocity and deviator stress both 
increased linearly in early stage of compaction and nonlinearly during intermediate 
compaction.  Velocities changed little after soil was compacted to failure.  Unload-
reload cycles proved to have steeply varying velocities and deviator stresses.  Hysteric 
119 
 
and load-history-dependent properties were observed (Lu et al., 2004).   
 For an insitu acoustic approach, Ivanov et al. (2005) conducted a geophysical 
survey on a single low-conductivity, highly fractured earthen levee in southern Texas.  
Compressional wave and shear wave refraction tomography and Rayleigh surface-
wave analysis using multichannel analysis of surface waves (MASW) were developed.  
Compressional wave velocity gave reasonable results, but there was no change even 
after the dam was at full pool for two days.  Shear wave velocity changed rapidly in an 
isolated area most likely due to swelling of the clay core after years of drought (Ivanov 
et al., 2005).  Another survey was performed in southern New Mexico.  Compressional 
wave velocities decreased rapidly during pooling, and the anomaly is isolated to one 
section where velocities had been unusually high before.  The anomaly is likely due to 
burrowing animals in the dam.  Shear wave velocity change was gradual and observed 
along the whole length of the pond width and below the levee.  The change is 
consistent to shear wave velocity changes in sand due to saturation (Ivanov et al., 
2006).   
 An earthen dam was surveyed by Hock et al. (2007) using MASW and 
refraction of seismic methods.  The dam was built of homogeneous material.  The goal 
was to detect an impermeable barrier (densely packed homogeneous material) in the 
upstream toe.  Compressional and shear wave velocity profiles were collected.  No 
abnormality had been detected using electromagnetic data.  The only data that 
indicated any change was a slight increase in compressional wave velocity.  The 
conclusion was the seismic data were consistent with the electromagnetic data which 
could not detect the impermeable barrier (Hock et al., 2007). 
 Other failure modes in earthen dams include piping, seepage and anomalous 
pore pressures.  Seismic imaging could provide valuable preliminary information about 
the onset of these conditions.  Time-lapse measurements taken by Hickey et al. (2009) 
were conducted on a small earthen dam while internal erosion was occurring.  Several 
refraction surveys were carried out, and images were constructed using a finite-
frequency seismic refraction tomography code.  Significant temporal changes were 
observed.  The weak zone in the dam was shown by a lower velocity.  Passive seismic 
monitoring measures ambient seismic vibrations.  The source of this seismic vibration 
in the dam was the internal zone of flow.  The energy, magnitude and frequency of the 
source were dependent on the intensity of internal erosion (Hickey et al., 2009).   
 The same year a preliminary investigation was conducted by Howard et al. 
(2009) using acoustic to seismic coupling to measure the depth of the top of the 
fragipan horizon.  Soils were analyzed at two sites with different fragipan depths.  
Acoustic to seismic coupling was shown to be sensitive to the spatial variability of the 
fragipan.  Soil cores and other geophysical methods were used to calibrate the system 
(Howard et al., 2009).   
 Like Hickey, Hung et al. (2009) studied seepage-induced acoustic emission.  
Laboratory experiments were conducted, and the data were analyzed in amplitude, time 
and frequency domains.  The most prominent frequency range was 0.8-10 kHz.  The 
results were then subjected to dimensional analysis where a relationship was 
established between nondimensional sound pressure level and a nondimensional 
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frequency.  Acoustic emission intensity, seepage velocity, soil and permeant properties 
were shown to be interrelated.  The relationship provided a basis for detecting 
excessive seepage using monitored seepage-induced acoustic emission intensity (Hung 
et al., 2009). 
 Lu et al. (2009) conducted a long-term field survey to monitor and understand 
temporal variations of sound speed due to changes in physical properties of soils.  Ten 
acoustic probes, five transducers, five tensiometers and five thermocouples were buried 
at the same depth in a trench of soil-sand mixture.  Over two years sound speed, soil 
temperature, soil moisture, matric potential, surface temperature, and precipitation 
were measured continuously.  Results revealed a power law relationship between 
matric potential and sound speed.  Moisture content and temperature gave relatively 
minor contributions.  The data were in good agreement with theoretical predictions (Lu 
et al., 2009).   
 Like Hickey, Hubbard (2010) characterized seepage by using electrical 
resistivity and MASW instead of geotechnical site characterization of a dam in East 
Texas.  The results of geophysical testing are comparable to conventional geotechnical 
field and laboratory testing.  Soil heterogeneity, resolution capabilities and data 
smoothing during interpretation can cause some dissimilarities, but low resistivity and 
low density corresponded with observations of seepage (Hubbard, 2010).   
 Similar to Lu, Whalley et al. (2011) measured shear wave velocities in three 
saturated soils as a function of consolidation in a triaxial cell.  Plastic and elastic 
deformations were considered.  Relationships between effective stress and shear wave 
velocities were similar for sand and silt, but the velocities were smaller in clay.  No 
unique correlation was noticed between plastic and elastic deformations.  Using 
empirical shear wave velocity, void ratio and effective stress with a normal 
consolidation curve, a common curve was constructed from the three soils whether 
subjected to plastic or elastic deformation (Whalley et al., 2011).   
 The next year active and passive acoustic techniques were used by Lu et al. 
(2012) to monitor and assess soil pipeflow and internal erosion.  Soil with a six 
millimeter hole had a constant water head of two centimeters and constant flow rate.  
Sediment concentration, soil water pressure, and acoustic measurements were taken 
while the soil was subjected to pipeflow.  Active measurements consisted of 
compressional wave velocities.  P-wave velocities reflected the onset of pipeflow, 
increase in water pressure, saturation of soil around the pipe, variation of water 
pressure after head removal, and relaxation of soil.  The processes can be understood 
by effective stress’s relationship to compressional wave velocity.  The passive 
measurements of ambient and water flow sounds were used to identify and assess 
pipeflow from time-domain RMS, frequency-domain RMS and contrasts in the power 
spectrum image (Lu et al., 2012).  Passive acoustic emission, self-potential, and cross-
hole tomography were assessed by Rinehart et al. (2012) for suitability to remotely and 
continuously monitor internal erosion and cracking of embankment dams over a long 
period.  The acoustic techniques proved to be useful for monitoring cracking as a 
precursor to internal erosion (Rinehart et al., 2012).   
 Unlike the previous techniques, Shin et al. (2012) used acoustic-to-seismic 
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coupling to noninvasively deduce soil elastic properties.  A microphone and LDV were 
used to get acoustic pressure and particle vibration.  A modified Biot theory was used 
to make a wave propagation model.  An optimization process was then used to 
minimize the difference between the data and model predictions (Shin et al., 2012).   
The same year Whalley et al. (2012) discussed the use of shear wave velocities 
at different matric suctions and confining pressures to extract soil physical properties.  
Sandy clay loam and loamy sand were tested using a combination of a Bishop and 
Wesley tri-axial cell, Haines apparatus, and pressure plate apparatus.  A single 
effective stress variable was used to relate shear wave velocities to soil’s physical 
condition.  Shear wave velocities were then related to void ratio, net stress, and matric 
suction by using a set of four parameters common to all soils at different states of 
saturation and consolidation (Whalley et al., 2012).    
 Like most of the papers discussed Gao et al. (2013) investigated the relationship 
between an engineering parameter, penetrometer resistance, and to a physical 
parameter, small strain shear modulus.  Some published equations for predicting shear 
wave velocity were also tested.  Samples were compacted, drained and then measured 
to get shear wave velocity, compressional wave velocity, and penetrometer resistance.  
Penetrometer resistance and small strain shear modulus were shown to have a linear 
relationship that was slightly sensitive to soil type.  A possibility was also noticed for 
estimating matric suction from elastic wave velocity given the void ratio (Gao et al., 
2013).   
 The background literature review reveals geophysical engineering has evolved 
to measure and model near-surface processes such as soil erodibility, soil stress 
distributions, soil wetting and slope stability.  Root reinforcement of soils has been an 
active area of research that has accelerated since the 1990s.  There are several methods 
to characterize root matrices and the contribution roots add to the stability of slopes 
and the erodibility of soil surfaces.  Acoustic methods have also been developed to 
predict soil properties such as density, stress and porosity and to monitor internal 
changes in soil such as erosion, compaction, and stress redistribution.  Research has 
shown that roots can increase the strength of soils, and acoustic methods have been 
developed to predict soil properties related to strength of soils.  The literature has 
shown there is a lack of research on the acoustic behavior of soils reinforced with grass 
roots.  The need exists for an acoustic method to predict grass roots’ contribution to 
soil strength.  The acoustic method could be used to monitor watershed processes such 
as levee and dam surface erodibility and slope stability of embankments and stream 
banks.   
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9.2 WAVEFORM WATERFALL PLOTS 
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Below are waterfall plots of the received waveforms from each pair of time of 
flight measurements.  The measurements were taken from when the sod was planted on 
September 12, 2014 to October 26, 2015.  The first arrival picks are shown.   
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Figure 9.1 Bare soil waterfall plots of waveforms and first arrival picks 
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Figure 9.2 Common Bermuda waterfall plots of waveforms and first arrival picks 
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Figure 9.3 Forage Bermuda waterfall plots of waveforms and first arrival picks 
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Figure 9.4 Bahia 1 waterfall plot of waveforms and first arrival picks 
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